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ABSTRACT 
There are more than 100,000 tonnes of nuclear waste currently stored in the UK, 
waiting for final disposal. Composite cements consisting of Portland cement (PC) and 
blast furnace slag (BFS) have a good track record in encapsulation of a range of 
nuclear wastes. However, the pH of this system is relatively high (~13.3) for 
encapsulating wastes that containing trace levels of aluminium, as this can react under 
high pH conditions. The aim of this research was to develop novel cement systems 
with lower pH (~10) for encapsulating wastes containing aluminium metal and 
Magnox swarf. 
The hydration of magnesium oxide to form brucite produces a pH around 10 and this 
is a favourable pH for aluminium passivation. A range of reactive fillers were 
investigated and silica fume (SF) found to be the most suitable to achieve the desired 
pH. Identification of the hydrated phases in MgO/SF samples showed that magnesium 
silicate hydrate (M-S-H) gel is the main hydration product. Brucite (Mg(OH)2) also 
forms in the early stages of hydration but then reacts with SF to produce additional 
M-S-H gel.  The system has been improved by addition of sodium hexameta-
phosphate (Na-HMP) as a dispersant, magnesium carbonate to control the early pH 
and sand to minimise the drying shrinkage. The physical, chemical and mechanical 
properties of the improved MgO/ SF system have been investigated and compared 
with the control PC/BFS system.  
Magnox swarf and aluminium 1050 (Al) supplied by National Nuclear Laboratory 
(NNL) were used as metal wastes. These metals were encapsulated in the control 
PC/ BFS system and the optimised MgO/ SF system. The interaction between the 
metals and the two cement systems has been investigated by monitoring H2 
generation, studying the microstructure by SEM and the crystalline phases by XRD. 
Al strips were firmly bound into the optimised MgO/ SF system and no H2 gas was 
detected during the test period. The corrosion of Al is very limited in the optimised 
MgO/SF system compared to the control system. Magnox swarf was found to show 
similar corrosion behaviour when encapsulated in both the control system and the 
optimised MgO/SF system. The M-S-H gel forming cement system developed in this 
research is novel and may have potential for encapsulating certain types of 
problematic legacy wastes generated from the nuclear industry.  
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NOTATION 
 
A =  Cross-section area (m
2
) 
AGR =  Advanced Gas-cooled Reactor 
AS =  As-received Sand 
b =  Width of the specimen (m) 
B =  Brucite  
BFS =  Blast Furnace Slag 
C2S =  Dicalcium Silicate  
C3A =  Tricalcium Aluminate  
C3S =  Tricalcium Silicate  
C4AF =  Tetracalcium Aluminoferrite  
C4A3S  =  Tetracalcium Trialuminate Sulphate 
C6 S 3H32 =  Ettringite 
CAC =  Calcium Aluminate Cement 
CH =  Calcium Hydroxide   
CoRWM =  Committee on Radioactive Waste Management 
CS A =  Calcium Sulphoaluminate  
CSH =  Calcium Silicate Hydrate 
CS H2 =  Gypsum 
d =  Thickness of the specimen (m) 
Defra =  Department for environment, food & rural affairs 
DSC =  Differential Scanning Calorimetry 
EDS =  Energy Dispersive Spectroscopy 
EPA =  Environmental Protection Agency 
F  =  Maximum load applied (N) 
G =  Gehlenite 
GBq =  Gigabecquerel, one thousand million (10
9
) Becquerels 
GDF =  Geological Disposal Facility 
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HLW =  High Level Waste 
IAEA  =  International Atomic Energy Agency 
ILW =  Intermediate Level Waste 
l =  Length of the span (m) 
L =  Change in length at x age (%) 
Li  =  Length of sample at i age (mm) 
Lx  =  Length of sample at x age (mm) 
LLW =  Low Level Waste 
mdry =  Mess of oven-dried samples (g) 
mimm   =  Mess of water immersed sample (g) 
msat =  Mess of water saturated sample (g) 
M =  Magnesium oxide 
M2S8 =  20% MgO/ 80% SF 
M2S8A =  20% MgO/ 80% SF/ 1% Na-HMP 
M5S5 =  50% MgO/ 50% SF 
M5S5A =  50% MgO/ 50% SF/ 1% Na-HMP 
MEP =  Magnox Encapsulation Plant  
MK =  Metakaolin 
MS =  Milled Sand 
MSH =  Magnesium Silicate Hydrate 
n =  Order of diffraction 
Na-HMP =  Sodium Hexametaphosphate 
NDA =  Nuclear Decommissioning Authority 
NNL =  National Nuclear Laboratory 
PC =  Portland Cement  
PFA =  Pulverised Fuel Ash 
Q =  Quartz 
SF =  Silica Fume 
SEM =  Scanning Electron Microscope 
TGA =  Thermogravimetric Analysis 
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UCS =  Unconfined Compressive Strength 
UNSCEAR  =  United Nations Scientific Committee on Effects of  
                                          Atomic Radiation 
VLLW =  Very Low Level Waste 
W =  Water 
w/b =  Water/binder ratio 
w/s =  Water/solid ratio 
XRD =  X-ray Diffraction  
θ  =  Diffraction angle 
λ  =  Wavelength of the incident X-rays 
ρ =  Overall density of the specimen (g/cm3) 
σ =  Compressive strength (MPa) 
σf  =  Flexural strength (MPa)  
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1.  Introduction 
 
1.1 Background of the research project 
 
“Geological waste disposal”, recommended by the Committee on Radioactive Waste 
Management (CoRWM) in 2006, was accepted by the UK government as the “best 
available approach” for long term management of legacy nuclear wastes. Although a 
clear policy framework has been defined, the detail of the supporting road-map is yet 
to be clarified. As a small part of the programme, to develop the fundamental 
understanding and innovative practical solutions required to underpin the retrieval, 
treatment, immobilisation, storage and disposal of nuclear wastes, the consortium 
“Decommissioning, Immobilisation and Management of Nuclear wastes for Disposal” 
(DIAMOND) was founded in 2008 supported by the Engineering and Physical 
Science Research Council (EPSRC). It also aims to train some of the next generation 
of UK scientists and engineers with skills and expertise in nuclear waste management. 
 
The DIAMOND research programme is divided into three work packages (WPs): 
WP1, environment, migration and risk; WP2, decommissioning, the historic legacy 
and site termination; and WP3, materials - design, development and performance.  
 
A key activity in WP3 is to develop innovative immobilisation solutions for large 
volumes of hazardous legacy wastes. This research will be complemented by 
development of novel encapsulants to immobilise reactive metals and improved 
cementing systems with tailored properties, such as grout fluidity, to permit 
impregnation and encapsulation of loosely packaged wastes. This particular project 
(Project 3.3.2.3) aims to understand the influence of composite binder mix design on 
the corrosion of encapsulated reactive metal wastes, by investigating the alkalinity 
and chemistry of pore solutions and the long-term material stability. MgO-containing 
mixed cements are of particular interest due to their naturally lower pH compared to 
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Portland cement (PC). This may offer significant advantages over the current 
encapsulation binder formulations based on PC and blast furnace slag (BFS). 
 
1.2 Structure of the thesis 
 
The thesis is divided into ten chapters. Chapter 1 introduces the background to this 
research and Chapter 2 provides a literature review relevant to the research area. 
Sources and types of nuclear wastes in the UK are presented and different cement 
systems used for encapsulation of nuclear wastes are reviewed. Chapter 3 describes 
the aim and objectives of the research. 
 
Chapter 4 provides the information on raw materials and chemicals used in this 
project and describes in detail the sample preparation methods and characterisation 
techniques. 
 
The main findings of this research are presented in the next four chapters. Chapter 5 
presents experiments that aimed to prepare a low pH cement system based on MgO 
powder. Selected mixes consisting of MgO and silica fume (SF) are characterised in 
detail and these have been used for Al encapsulation.  Magnesium silicate hydrate (M-
S-H) gel is confirmed as the hydration product of MgO/SF system. The pH of the 
MgO/SF system is modelled by MINTEQA 3.0. 
 
Chapter 6 investigates the effect of addition of sodium hexametaphosphate 
(Na-HMP), MgCO3 and sand to improve the MgO/SF system. Characterisation of the 
optimised MgO/SF system is reported in Chapter 7. The optimised system is used to 
encapsulate Al and Magnox swarf and the results are compared with that in the 
control system in Chapter 8.  
 
To conclude this thesis, Chapter 9 discusses the key findings and Chapter 10 provides 
recommendations for further research. 
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2. Literature review  
 
2.1 Introduction to the UK’s nuclear wastes 
 
Nuclear wastes are mainly produced in nuclear power stations and are generated from 
the processing, production and use of nuclear fuel. Since the world's first commercial 
nuclear power station, Calder Hall in Sellafield, was opened in 1956, 19 nuclear 
power stations have been built in the UK, nine of which are no longer operating. It is 
reported that currently more than 100,000 tonnes of nuclear waste is stored in the UK, 
awaiting final disposal (NDA, 2010b).  
 
Over the next 20 to 30 years, most of the existing UK nuclear power stations will be 
decommissioned. Therefore a substantial amount of nuclear waste will be generated 
and will need safe disposal. The Committee on Radioactive Waste Management 
(CoRWM) formed in 2002. In 2006, 15 recommendations were made by CoRWM on 
how to safely manage nuclear wastes. Geological disposal is recommended as the 
final solution for the long term management of nuclear waste by CoRWM (CoRWM, 
2006). 
 
The map in Figure 2.1 shows the 36 sites of the major nuclear wastes producers in the 
UK. There is no major waste producer in Northern Ireland. About 89% by volume of 
the nuclear wastes are produced in England, 8% in Scotland and 3% in Wales. 
Sellafield and the nuclear power stations are the main nuclear wastes producers in 
England. In Wales nuclear power stations are the major producers of nuclear wastes 
(NDA, 2010a).  
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Figure 2.1: Locations of 36 major nuclear waste producers in the UK (NDA, 2010a). 
Chapter 2: Literature review 
 28 
2.2 Source and types of nuclear wastes in the UK 
 
Not all of the waste coming from nuclear installations is radioactive and a large 
amount is made up from by-products of nuclear processing. According to the 
concentration and half-life of the radionuclide present in the waste, nuclear waste is 
classified into exempt, low level waste (LLW), intermediate level waste (ILW) and 
high level waste (HLW). It is also separated into two classes, which are short lived 
wastes and long lived wastes (IAEA, 1994). The classes of nuclear wastes are defined 
as follows: 
 
Exempt waste has activity levels with both concentrations and total amounts below 
exemption levels and it is not considered harmful to people or the environment. It 
mainly consists of demolished materials such as piping, plaster, bricks and concrete. 
This waste is not included in the regulatory control because of the negligible 
radiological hazards it possesses (IAEA, 1994). 
 
Low level waste (LLW) has activity levels above clearance levels, but shielding is not 
required when handling or storing. Some LLW is generated from hospitals and 
industry and the most common components are clothing, paper, gloves, rags and tools. 
LLW with extremely low activity levels is classified as very low-level waste (VLLW) 
and can be acceptable for landfill disposal (IAEA, 1994). 
 
Intermediate level waste (ILW) contains higher activity levels so shielding is required 
for handling or storage. It typically consists of metal fuel cladding, chemical sludge, 
resins and also some contaminated materials from decommissioning nuclear reactors.  
ILW with a low content of long-lived radionuclides is acceptable for near-surface 
disposal (IAEA, 1994). 
 
High level waste (HLW) has substantial activity levels and therefore requires 
extensive personnel protection, shielding, remote handling and consideration of the 
Chapter 2: Literature review 
 29 
effects of radiogenic heat generation. Typically, this waste is the spent fuel or arises 
from spent nuclear fuel reprocessing. HLW requires either expensive treatment, for 
example, by transmutation or long term safe storage (IAEA, 1994).  
 
Short-lived waste does not contain significant amounts of radionuclides with half-
lives longer than that of 
137
Cs, which is 30.2 years. Concentrations should be less than 
4000 Bq/g in an individual waste package and also have an overall average 
concentration of 400 Bq/g in all packages. Short-lived LLW and ILW are acceptable 
for near-surface disposal (Ojovan and Lee, 2005). 
 
Long-lived waste contains significant amounts of radionuclides with half-lives longer 
than 30.2 years and normally requires deep underground disposal (Ojovan and Lee, 
2005).  
 
Table 2.1: Main sources of each category of waste. 
Source*  LLW ILW HLW 
 ( by volume) 
Commercial Reprocessing 57% 56% 98% 
Commercial Rector Operation 29% 34% - 
Fuel Fabrication and Uranium 
Enrichment 
≤1% - - 
Research and Development 10% 7% 2% 
Ministry of Defence 2% 3% - 
Medical & Industrial 2% < 1% - 
*Figures based on NIREX report N/041, DEFRA/RAS/02.003., October 2002. 
 
Table 2.1 shows the main sources of each waste category. Commercial nuclear 
reprocessing technology is a chemical method of separating and recovering 
fissionable plutonium from irradiated nuclear fuel. It is the main source of HLW and 
constitutes over half of LLW and ILW in the UK. Commercial rector operation is the 
Chapter 2: Literature review 
 30 
second main source of LLW and ILW. Research and development also generates 
significant amounts of LLW and ILW.  
 
Table 2.2: Material components of wastes from all sources (NDA, 2010a). 
Material
1
 
HLW ILW LLW 
Mass (tonnes) 
Metals    
Stainless steel 0.7 40,000 120,000 
Other steel 1.2 49,000 430,000 
Magnox - 7,300 110 
Aluminium - 1,200 17,000 
Zircaloy - 1,400 25 
Other metals 21 3,100 210,000 
Organics    
Cellulosics - 2,000 100,000 
Plastics - 6,900 48,000 
Rubbers - 1,700 13,000 
Other organics - 1,200 35,000 
Inorganics    
Concrete, cement and sand - 59,000 2,700,000 
Graphite - 81,000 15,000 
Glass and ceramics 2,000 610 9,700 
Sludges, flocs and liquids - 31,000 11,000 
Other inorganics 640 2,000 50 
Soil and Rubble - 1,500 790,000 
Unspecified - 16,000 160,000 
Total 2,700 300,000 4,700,000 
1 
Figures for radioactive waste derived from the 2010 UK Radioactive Waste Inventory, published by 
NDA in April 2010. 
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As shown in Table 2.2, compared to LLW and ILW, the mass of HLW is very small. 
However it needs the most attention with respect to disposal as a result of high 
radioactivity. The amount of LLW is quite high at nearly 5 million tonnes but this 
includes 2,700,000 tonnes of concrete, cement and sand, which are classified into 
VLLW. The total mass of Magnox is 7,410 tonnes and mainly is ILW with Al as the 
second largest metal in LLW. 
 
2.3 Nuclear waste disposal 
 
To reduce both the volume and radiation levels, many nuclear wastes are treated and 
temporarily stored after they arise. For solid wastes, compaction and incineration are 
used, while evaporation and filtration are normally used to treat liquid wastes. The 
remaining wastes are stored untreated. Some of the untreated historic wastes are not 
well recorded and composition data is uncertain (NDA, 2010a).  
 
Nuclear waste disposal is for permanent treatment of waste. In 2006, CoRWM 
announced an integrated package of recommendations to provide a long-term solution 
for higher activity radioactive wastes in the UK. The main recommendation of 
geological disposal has been accepted by the UK government, but should be coupled 
with secure interim storage and support for facility development by on-going research 
and development. Geological disposal is also the internationally preferred long-term 
approach for managing higher activity radioactive waste (NDA, 2010b). 
 
A Geological Disposal Facility (GDF) is an engineered facility designed to achieve 
safe disposal of radioactive waste deep inside suitable rock to make sure no harmful 
quantities of radioactivity can reach the biosphere. The depth of the disposal tunnels is 
usually 200 to 1000 metres depending on the properties of the waste and the 
geological conditions of the site (NDA, 2010b). An example of the design concept of 
an underground facility is shown in Figure 2.2. 
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Figure 2.2: A concept design of the geological disposal facility (NDA, 2010b). 
 
Different treatment methods are used to deal with different types of wastes before 
geological disposal. More than 90% of the UK wastes are LLW. However this 
includes less than 0.1% of the total radioactivity (IET, 2008). Since 1959 about 1 
million cubic metres of LLW has been sent to the LLW repository in Cumbria. About 
800,000 cubic metres of these wastes has been disposed into trenches that have been 
capped. Recently, suitable LLW is compacted to minimise the volume. During this 
process, a high pressure of up to 2,000 tonnes per square metre is used to compact the 
drums. This super-compaction is shown in Figure 2.3 (NDA, 2010a). 
 
To date approximately 8,300 containers have been produced and most of them are 
stored at Drigg in Cumbria. It is reported that the capacity of this site will be 
exhausted by 2050, and a new site will be needed (IET, 2008).  
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Figure 2.3: (a) A LLW drum before super-compaction, (b) A LLW drum after super-
compaction (NDA, 2010a). 
 
At 1 April 2010, the volume of LLW was about 66,000 m
3
, of which about 14,900 m
3
 
(857 packages as shown in Figure 2.4) is waste that has already been conditioned and 
stored at the LLWR near Drigg, A further 431 LLW packages containing 
unconditioned waste were in temporary storage at Dounreay (NDA, 2010b). 
 
Figure 2.4: Box used for geological disposal of LLW (NDA, 2010b).  
 
LLW not suitable for disposal in this way because it contains long lived radionuclide 
content will be treated as ILW. ILW arises mainly from nuclear power stations and 
fuel processing. It is made up of fuel element cladding, contaminated equipment and 
sludge from treatment processes. There is no UK facility available for permanent 
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disposal of ILW. Currently cement-based materials are used to encapsulate the wastes 
in containers including 500 litre stainless steel drums, as shown in Figure 2.5 
(Sellafield, 2011). 
 
Some ILW is treated to reduce water content and some can be compacted to reduce 
volume before encapsulation. To date, around 45,000 m
3
 of ILW has been packaged 
and is being stored until a permanent disposal route becomes available. ILW is 
generated at 27 locations across the UK as shown in Figure 2.6. The majority, ~67% 
by volume, is stored at the Sellafield site in Cumbria (NDA, 2010b).   
 
HLW is produced during the reprocessing of spent fuel at Sellafield. The liquid waste 
is vitrified by mixing with borosilicate glass and heating to high temperature to form 
granules, which are then mixed together with crushed glass. The material is then 
melted and poured into a stainless steel container with a volume of approximately 150 
litres (NDA, 2010a).  
 
To date about 650 cubic metres of vitrified HLW has been produced and according to 
UK policy it must be stored for at least 50 years to allow the temperature of  
radioactivity to decay (NDA, 2010a).  
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Figure 2.5: A standard 500-litre steel 
drum used to store ILW (Sellafield, 
2011). 
 
Figure 2.6: Locations of ILW for 
geological disposal in the UK (NDA, 
2010b).
 
2.4 Encapsulation of LLW/ILW in cement 
 
2.4.1 Portland cement  
 
Encapsulation in cement is a commonly used method in the UK for stabilising 
intermediate and low level nuclear wastes. Portland cement (PC) is a small fraction of 
the composite binder systems used. Cement based systems offer many advantages for 
nuclear waste encapsulation, these include (Ojovan and Lee, 2005): 
 
 readily available;  
 relatively inexpensive; 
 can be made in fluid grout; 
 acts a diffusion barrier; 
 require only simple processing at ambient temperature; 
 flexible, suitable for sludge, liquors and some organic wastes; 
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 good waste-form compressive strength; 
 alkaline chemistry, so low solubility for many radionuclides; 
 non-flammability; 
 stable over the long term. 
 
PC is the most widely used type of cement. It was patented by a British bricklayer 
named Joseph Aspdin in 1824 and was first produced by William Aspdin in England 
in 1842 (Francis, 1978). It is produced by heating a mixture of clay and limestone, or 
other materials of similar composition, to a final heating temperature of about 
1450 
o
C. Typically 5% of calcium sulphate (gypsum) is added to the cement during 
grinding. Calcium sulphate controls the setting rate and strength generation. A typical 
composition of PC is 67% CaO, 22% SiO2, 5% Al2O3, 3% Fe2O3 and 3% other 
components (Taylor, 1997). 
 
Major phases in unhydrated PC are alite (Ca3SiO5 – tricalcium silicate), belite 
(Ca2SiO4 – β- dicalcium silicate), aluminate (Ca3Al2O6 – tricalcium aluminate) and 
ferrite (Ca4(Al,Fe)2O7 – tetracalcium aluminoferrite). The compositions and cement 
chemistry notations for these compounds are shown in Table 2.3. 
 
Table 2.3: Principal compounds in PC (Taylor, 1997). 
Compound Oxide composition Cement notation 
Tricalcium silicate (Alite) 3CaO·SiO2 C3S 
Dicalcium silicate (Belite) 2CaO·SiO2 C2S 
Tricalcium aluminate 3CaO·Al2O3 C3A 
Tetracalcium aluminoferrite 4CaO·Al2O3· Fe2O3 C4AF 
 
Alite is the major component in PC, making up 50 to 70 wt% of the cement. It reacts 
rapidly with water and therefore controls the early age strength of the cement paste.  
 
Chapter 2: Literature review 
 37 
Belite makes up 15 to 30 wt% of the PC. It reacts slowly with water and contributes 
little to strength in the first 28 days. However, after one year, the hydration of belite 
contributes almost as much strength as alite. 
 
Tricalcium aluminate reacts undesirably rapidly with water, causing flash setting. 
Gypsum is added to slow down the hydration of tricalcium aluminate. Ferrite 
constitutes 5 to 15 wt% of PC and initially reacts rapidly but more slowly after 100 
hours (Hewlett, 2004).  
 
ASTM C150 defines five different types of PC as Type I, II, III, IV and V (Taylor, 
1997): 
 
Type I PC is used for general construction work. It can contain up to 5% of minor 
additional constituents. 
 
Type II is designed to resist moderate sulphate attack. It is used when the cement will 
be in contact with soils and ground water. It contains less than 35% of other single 
constituents such as fly ash, silica fume, limestone or other pozzolana. It is the major 
type of cement currently used in the UK. 
 
Type III has higher early strength. The 3 day compressive strength of type III is the 
same as the 7 day strength of type I and II, and the 7 day strength of type III is equal 
to the 28 days of type I and II. The 6 month strength of type III, however, is the same 
or less than type I and II. Type III is normally used for precast concrete or emergency 
and repair cases. Due to rapid curing properties, type III is used to encapsulate certain 
kinds of liquid waste such as boric acid. 
 
Type IV generates less heat during hydration, but with slower strength generation. 
The strength of type IV is higher compared with other types of cement after one year. 
Type IV is used for large scale of construction, such as dams. 
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Type V is used to resist strong sulphate attack, and is used in the concrete which is 
exposed to alkaline soil or ground water containing sulphate.  
 
When cement powder is mixed with water, C3A reacts with the water to form 
ettringite. This is a strong exothermic reaction but lasts only a few minutes. After a 
dormant period, during which little or no heat is evolved, C3S and C2S start to react 
with water and this produces two new compounds, calcium hydroxide and calcium 
silicate hydrate gel. During the next couple of hours, the strength of the cement 
increases with the majority of total strength developed within a month (Taylor, 1997). 
A summary of the early stage of cement hydration is shown in Figure 2.7. 
 
 
Figure 2.7: Development of cement hydration stages and products (Ojovan and Lee, 2005). 
 
The water/solid (w/s) ratio is one of the most important parameters for cement that 
controls properties. It largely affects the strength and chemical resistance of the 
cement paste. Normally more water is used than required for hydration in order to 
make a flowable and workable mixture. For nuclear waste encapsulation, cement 
binder systems should offer not only good flow characteristics but also low 
permeability (Ojovan and Lee, 2005). A high w/s improves flow but results in a large 
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void volume and increased permeability. The relationship between the w/s ratio and 
permeability for 28 days PC paste can be seen in Figure 2.8.  
 
Figure 2.8: Permeability of cement paste as a function of w/c ratio (Shi and Spence, 2004). 
 
The low cost and long track history of PC lead to its use by the nuclear industry for 
the encapsulation of wastes. It is now increasingly realised that some wastes can react 
with PC or retard the hydration as shown in Table 2.4. 
 
Table 2.4: Reactions occurring between PC and waste components (Ojovan and Lee, 2005). 
Waste component Reaction 
Soluble borates, Pb, Zn 
Precipitated salts coat cement grains or amorphous 
precipitates inhibit hydration. 
EDTA, sugar and citric acid Interfere with Ca by complexation, retard hydration. 
Flocs Uncertain action, retard hydration. 
Electropositive metals Evolve H2; solid reaction products are expansive. 
Organic ion exchangers Take up water in high pH matrices and expand. 
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2.4.2 Composite cements 
 
For encapsulation of nuclear waste, composite cements are produced by replacing a 
percentage of PC with pozzolans or other materials. A pozzolan is a material which, 
when combined with calcium hydroxide, exhibits cementitious properties. The 
advantage of composite cements is they can offer similar strength but with much 
lower heat release and lower pH. The principle replacement pozzolanic materials are 
blast furnace slag (BFS), pulverised fuel ash (PFA), silica fume (SF) and metakaolin 
(MK). Typical chemical composition data for these materials is shown in Table 2.5. 
 
Table 2.5: Typical chemical analyses of PC and replacement materials (Sharp et al., 2003). 
 CaO SiO2 Al2O3 Fe2O3 MgO 
PC 65 20 6 3 1 
BFS 43 34 16 0.5 5 
PFA(low lime) 2 50 28 10 2 
SF 0.1 97 0.2 0.1 0.6 
MK 0.1 56 43 0.8 0.3 
 
BFS is a widely used replacement material in the nuclear encapsulation industry. It is 
a by-product of the iron industry and is obtained by quenching molten iron slag from 
a blast furnace in water or steam, to produce a glassy, granular product that is then 
dried and ground into a fine powder. 
 
In BFS containing composite cement, PC acts as an activation agent. Both the 
compressive strength and flexural strength of the BFS containing concrete are 
improved compared to pure PC (Malhotra, 1987). It is reported that BFS cement is not 
suitable for use in cold weather, because at low temperature the strength is 
substantially reduced for up to 14 days. BFS helps to reduce the pore size and 
permeability of the concrete especially when the mass percentage of BFS is in the 
range 40 – 65 wt% (Gibson, 1987).  
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Pulverised fuel ash (PFA) or fly ash is produced from burning pulverised coal in 
power stations. The main components in PFA are SiO2 and Al2O3. The CaO content is 
typically less than 5% in the UK but can be more than 10% in PFA from other parts of 
the world (Sharp et al., 2003). 
 
The proportion of PFA used in composite cement is usually between 5 wt% to 
35 wt%. The pozzolanic silica in PFA reacts with Ca(OH)2 to form CSH gel. It is 
reported that this reaction is very similar to those that occur during PC hydration 
(Hewlett, 2004). The addition of PFA can improve the flow properties of cement 
paste and reduces the w/s ratio, resulting in higher strength (Siddique, 2003). 
 
For non-nuclear waste encapsulation, PFA has been widely used because it forms low 
permeability materials and reduces the leaching potential. The unburned carbon 
within PFA can act as activated carbon and can potentially absorb some types of 
hazardous chemicals inside the waste (UKQAA, 2003). 
 
Silica fume (SF) is a by-product of the silicon metal and ferrosilicon alloys industry. 
It is a very fine (< 1 µm) and highly reactive pozzolanic material. Normally 87 to 95 
wt% of SF is SiO2, and due to the addition of such a fine pozzolanic material, SF 
composite cement has improved compressive strength, permeability and abrasion 
resistance. The lower permeability of SF composite cement also reduces the 
penetration rate of chloride ions, which protects the reinforced steel from corrosion 
(Detwiler and Mehta, 1989). Addition of SF to cement increases water demand, so the 
SF composite cement is generally used with the addition of superplasticiser in order to 
achieve a workable paste. 
 
Metakaolin (MK) is the calcined product of kaolinite. Temperatures of 500
o
C to 
800
o
C are used for calcining to avoid producing burnt material. MK is almost white 
and the main components are SiO2 and Al2O3. It is also a widely used raw material for 
producing geopolymers (Sharp et al., 2003). 
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2.4.3 Cement systems for nuclear waste encapsulation 
 
Cement systems have a major role in the management of ILW in the UK. There is a 
considerable amount of historic ILW and the types vary tremendously in terms of 
radioactivity, physical form and chemical nature. The inhomogeneous nature of the 
waste stream is one of the challenges in formulating reliable and robust approaches to 
waste management in the nuclear sector (Ojovan and Lee, 2005). Much evidence 
exists to indicate that cements have a physical as well as chemical role in waste 
immobilisation (Glasser, 1992). 
 
Encapsulation using cements is reported to be a viable option for some wastes and a 
good record of treatment and containment for a range of wastes has been developed 
over recent years (Caldwell et al., 2005). Currently in the UK, composite samples of 
PC and other pozzolanic material such as BFS and PFA are used for the encapsulation 
and immobilisation of ILW and LLW (Sharp et al., 2003).  
 
 
Figure 2.9: A standard design of the 500 litre drum used for encapsulating LLW and ILW 
(Nirex, 2005).  
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A standard design of the common 500 litre drum is shown in Figure 2.9. The solid 
wastes are placed in the drum which is then filled by pumping in the cement binder. 
Vibration and pressure are sometimes used to reduce the voids (Nirex, 2005).  
 
2.5 Encapsulation of reactive metal in PC/BFS cement 
 
Reprocessing of nuclear fuel from Magnox reactors has been carried out at Sellafield 
for over 50 years. There is more than 100,000 tonnes of nuclear wastes which require 
disposal.  Magnox swarf arising from the mechanical decanning of fuel from Magnox 
reactors and Al 1050 alloy present in historic wastes associated with fuel cladding are 
the two main reactive metallic component in intermediate level nuclear waste 
(Fairhall and Palmer, 1992). 
 
2.5.1 Encapsulation of Magnox swarf in PC/BFS cement 
 
Magnox swarf is 99% magnesium alloy with aluminium, calcium, beryllium and iron. 
Magnox swarf is shown in Figure 2.10. It was developed to resist the oxidising effect 
of the CO2 coolant used in the reactor (Bowmer et al., 2005). In  the  UK,  Magnox  
spent  fuel  is  routinely dried  in  air  at  ambient  temperatures (Morris et al., 2009).   
 
 
Figure 2.10: Magnox swarf (Butcher, 2009). 
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The key cement formulation used in the nuclear industry is a composite cement based 
on PC and BFS (Caldwell et al., 2005). This composite cement has been studied and 
used successfully for encapsulating Magnox swarf in the UK since 1982 (Fairhall and 
Palmer, 1992).  
 
A Magnox Encapsulation Plant (MEP) was built at Sellafield at an initial cost of 
£262M (Fairhall and Palmer, 1992). The main encapsulation process of Magnox 
swarf is: 
 
a. Tip the Magnox swarf and cover water into a 500 litre drum; 
b. Remove the water from the drum in an inert atmosphere; 
c. Pump the grout into the drum and use vibration to remove voids;  
d. Cure the cement binder at room temperature to allow it to set and gain strength; 
e. Cap the drum with cement and transport to storage location. 
 
A cross-section of Magnox swarf encapsulated in cement sample is presented in 
Figure 2.11. The property requirements of the grout used for encapsulation include: 
 
a. Adequate fluidity for up to 2.5 hours from mixing to infilling; 
b. Ability to be pumped into the drum and vibrated after mixing; 
c. React with the residue water on the swarf; 
d. Limited heat generation during hydration which does not increase the temperature 
of the product; 
e. A setting time of less than 24 hours.  
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Figure 2.11: A cross-section of Magnox swarf encapsulated in cement (NDA, 2010a). 
 
Two main PC/BFS mixes used for encapsulation of ILW are PC: BFS 1:3 and PC: 
BFS 1:9 (Zhou et al., 2006). Both of these mixes have a pH greater than 12. 
According to the Pourbaix diagram of Mg and water shown in Figure 2.12, there 
should be no corrosion problems when magnesium is encapsulated in these PC/BFS 
systems as Mg is expected to be in a passive corrosion region at elevated pH.   
 
Figure 2.12: Pourbaix diagram for the system of magnesium and water at 25
o
C (77
o
F), 
showing the theoretical domains of corrosion, immunity, and passivation (Shaw, 2003). 
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Researchers in the Immobilisation Science Laboratory at the University of Sheﬃeld 
have completed studies involving the encapsulation of Mg in PC/BFS cement (Setiadi 
et al., 2006). High purity Mg (>99.9% Mg) rods were immersed in PC: BFS 1: 9 mix 
with w/s 0.33.  
 
 
Figure 2.13: Cross-section of magnesium corrosion in 9 : 1 BFS/OPC with 0.33 w/s after 90 
days hydration (Setiadi et al., 2006). 
 
The results showed that the surface of the Mg was initially grey but gradually became 
green/brown over time. After 90 days hydration, the Mg was fully covered by this 
layer as shown in Figure 2.13 (Setiadi et al., 2006). It is not clear what causes the 
change in colour and there were no obvious corrosion products observed. Close 
examination of the interface between Mg and the mix shown in Figure 2.14 reveals a 
gap formed. It was not clear how or why this gap forms, the likely reasons are the 
expansive reaction or the gas formation (Setiadi et al., 2006).  
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Figure 2.14: SEM of the interface between magnesium and PC: BFS 1:9 with 0.33 w/s 
hydrated at 20
o
C for 360 days, B – anhydrous BFS; Mg – magnesium (Setiadi et al., 2006). 
 
2.5.2 Encapsulation of Al in PC/BFS cement 
  
Al is one of the major metal components of ILW in the UK, and the normal passive 
corrosion behaviour is predicted to be in the pH 4-10 range as shown in Figure 2.15.  
 
In contrast, after 360 days of curing, the pH of pore water in the PC: BFS 1:3 cement 
is 13.6 and the pH of 9:1 BFS/PC cement is 13.3 (Setiadi et al., 2005). Therefore, a 
BFS/PC binder is not ideally suited for encapsulation of Al. Tests confirmed that Al 
corrodes in BFS/PC with large amounts of corrosion products observed on the Al 
sample (Setiadi et al., 2006). 
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Figure 2.15: Pourbaix diagram for an aluminium-water system at 25°C and aluminium 
concentration of 0.01 mole/kg. Dashed lines bracket the stability limit of water and solid lines 
define stability fields for solid or aqueous aluminium species (Deltombe et al., 1966). 
 
As shown in Figure 2.16, a white/green layer of corrosion products with a thickness of 
up to 1-2 mm surrounds the Al after 90 days hydration. A very porous transition zone 
900–1000 µm from the surface of the Al can be seen in Figure 2.17. This is generated 
by H2 evolution produced by initial corrosion (Setiadi et al., 2006). 
 
 
Figure 2.16: Cross-section of 9 : 1 BFS/PC containing a Al 1050 after 90 days (Setiadi et al., 
2005). 
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Figure 2.17: SEM of the interface between Al-1050 and 9:1 BFS:OPC, w:s 0.33, 20ºC, 90 
days (Setiadi et al., 2006). 
 
In alkaline environments, many metal ions (Cd, Cr, Cu, Pb, Ni and Zn) in addition to 
Al are precipitated as hydroxides due to low solubility. The solubility of these metals 
decreases with pH up to a value of around 10. Above this pH, the metal solubility 
increases as the metal cations form soluble complexes with excess hydroxide anions. 
Therefore, these metals have minimum solubility hydroxides at pH values around 10 
as shown in Figure 2.18. 
   
Figure 2.18: Solubility of some metals as a function of pH (Shi and Spence, 2004). 
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For this reason availability of a range of cementitious binders (a toolbox) will enhance 
the ability to effectively treat all metal containing wastes by matching the binders 
with the specific composition of the waste (Milestone, 2006). There has been 
considerable research completed evaluating the potential of alternative cement 
formulations such as calcium sulphoaluminate cements, geopolymers, calcium 
aluminate cements, magnesium phosphate cements and reactive MgO cements. 
 
2.6 Alternative cement systems for Mg/Al encapsulation 
 
2.6.1 Calcium sulfoaluminate cement  
 
Calcium sulfoaluminate (CS A) cement was first developed in China in the 1970s. It 
belongs to a class of speciality rapid hardening cements (Pera and Ambroise, 2004).  
 
The main components of CS A cements are belite (C2S), yeelimite or tetracalcium 
trialuminate sulphate (C4A3S ), and gypsum (CS H2). Ettringite (C6 S 3H32) is formed 
when CS A cement hydrates, according to the following reactions (Pera and Ambroise, 
2004): 
(1) In the absence of Ca(OH)2, C4A3S  + 2CS H2 + 36H → C6AS 3H32 + 2AH3 
(2) In the presence of Ca(OH)2, C4A3S  + 8CS H2 + 6CH + 74H → 3C6AS 3H32  
where C = CaO, S = SiO2, A = Al2O3, S = SO3, H = H2O. 
 
CS A cement has several advantages including: 
 
a. Fast setting and high early strength. With a w/s ratio of 0.43 and 18% gypsum 
added at 20
o
C, the initial and final Vicat setting time of CS   cement are 45 min 
and 60 min respectively. The 24 hour compressive strength of a 1:2.5 cement: 
sand mortar standard size cube cured at >98% relative humidity (r.h.) is 44.2 MPa 
(Glasser and Zhang, 2001); 
Chapter 2: Literature review 
 51 
b. Reduced energy consumption and low specific emissions of CO2 during 
production. The temperature required to produce the clinker is up to 200
o
C lower 
than that used to produce PC and up to 40% lower CO2 emissions can be 
achieved because of the reduction in limestone (Sharp et al., 1999); 
c. Low drying shrinkage, low porosity and micro expansion;   
d. Low permeability, corrosion resistance and high durability. 
 
CS A cement also has the advantage of lower pH compared with PC when used for 
encapsulation of metal wastes. The pH of the pore solution of CS A cement is between 
10 and 11.5. Encapsulation of Al metal rods (99.5% Al) in CS A cement has been 
investigated at Sheffield University. Compared with Figure 2.16, the corrosion of the 
Al rod is limited in CS A cement as shown in Figure 2.19, (Zhou et al., 2006).  
 
 
Figure 2.19: Cross-section of 3 : 1 BFS: PC with w/s ratio 0.67 containing a Al 1050 after 28 
days (Zhou et al., 2006). 
 
However, the significant heat generation during the hydration of CS   is a cause of 
concern to the nuclear industry. Researchers at Queen’s University are studying the 
effects of replacing part of the CS   with pulverised fuel ash (PFA), ground granulated 
BFS and limestone powder (LSP). They showed that the heat output can be reduced 
by replacing some of the CS  , but the pH of the system will be higher than that of 
pure CS   and this should lead to corrosion of Al (McCague et al., 2011). 
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2.6.2 Geopolymers 
 
Geopolymers are inorganic polymers consisting of alumina-silicates with three 
dimension (3D) framework structures (Komnitsas and Zaharaki, 2007). Victor 
Glukhovsky in the 1950s is believed to be the first person to model the formation of 
zeolite and produce novel binders called “soil silicates” by alkali activation of 
alumina-silicates (Majidi, 2009). 
 
A geopolymer can be prepared by dissolving an alumino-silicate material such as 
kaolinite in a highly alkaline environment such as NaOH or KOH solutions. 
Geopolymers have been reported to have low permeability, high acid resistance, high 
unconfined compressive strength and low shrinkage properties (Van Jaarsveld et al., 
1997). To benefit from these advantages, research has been carried out to investigate 
the immobilisation of heavy metal and municipal wastes by geopolymers (Van 
Jaarsveld et al., 1997; Van Jaarsveld et al., 1999; Xu et al., 2006; Zhang et al., 2008a; 
Zhang et al., 2008b). The results show that Cd(II), Cu(II), Pb(II) and Cr(III) can be 
effectively immobilized in geopolymer matrices (Xu et al., 2006).  
 
For encapsulation of reactive metal wastes containing Al, the eventual pH of 
metakaolin based geopolymer system is around 12, and corrosion is still a concern 
(Künzel et al., 2010).  
 
2.6.3 Calcium aluminate cement 
 
Calcium aluminate cements (CACs) were first introduced into industry for refractory 
purposes in France in 1917 (Sharp et al., 2003). They have higher alumina content 
than normal PC and have special applications due to their unique properties. These 
include: resistance to acids, alkalis and high temperature, fast setting and high 
strength even at low temperatures (Hewlett, 2004). 
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Proposed reactions during the hydration of CACs are: 
C  + 10H → C H10 
2C  + 11H → C2AH8 + AH3 
3C  + 12H → C3AH6 + 2AH3 
2CAH10 → C2AH8 + AH3 + 9H 
3C2AH8 → 2C3AH6 + AH3 +9H 
 
The rate of these reactions depends on temperature, moisture content and other 
variables such as the water/cement ratio (Hewlett, 2004). 
 
The use of CACs for encapsulating nuclear wastes has been studied, and the results 
showed that they have potential to encapsulate certain types of nuclear wastes (Boch 
et al., 1992; Goni and Guerrero, 2001). The limitation of CACs is the considerable 
heat evolution during early strength development with the adiabatic temperature rising 
to 90
o
C during the early hydration of a CACs at w/s ratio 0.4 (Hewlett, 2004). 
 
2.6.4 Magnesium phosphate cement 
 
Magnesium phosphate cements are normally formed by mixing magnesium oxide and 
a soluble phosphate such as monoammonium dihydrogen phosphate.  
 
The reaction between reactive magnesia and acid ammonium phosphate is very rapid 
and exothermic, therefore calcined or dead burned magnesia is commonly used. To 
control the rate of reaction or setting time, cheap inert materials such as sand are used 
as filler. The main product of these reactions is the crystalline phase struvite, 
NH4MgPO4∙6H2O (Ribeiro and Morelli, 2009). 
 
Magnesium phosphate cements are typically used for road and aircraft run-way repair 
because of rapid set and high early strengths. This system also has good water 
stability and freeze thaw resistance (Shand, 2007). 
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The encapsulation of uranium in magnesium phosphate cement has been studied by 
researchers at Sheffield University (Covill et al., 2010). The results showed that the 
pH of the systems is between 5.3 to 6.0 and free water was able to be combined with 
the mix. Both these factors are important in controlling the corrosion of reactive 
metals like Al. There is no indication of significant uranium corrosion in magnesium 
phosphate cement systems which means this system has the potential to be used for 
nuclear encapsulation (Covill et al., 2010).  The only concern is that the pH of this 
system is too low for many other metals such as Mg, which is also a major component 
of ILW in the UK. 
 
2.6.5 Reactive MgO cement 
 
Magnesium oxide (MgO), or magnesia, is a white solid mineral. It is present naturally 
as periclase and is a source of magnesium. Magnesium oxide is hygroscopic and will 
form magnesium hydroxide on contact with water.  
  
Magnesium oxide is widely used for medical and industrial applications. There is a 
sustainable cement system, TecEco MgO cement, first reported from research 
completed in Australia in 2002. TecEco cements are samples of a hydraulic cement, 
normally PC, and reactive MgO. They may also include a pozzolan such as PFA. The 
three main cement compositions defined by TecEco significantly overlap and are as 
follows (Harrison, 2005): 
 
Tec-cements (10% MgO, 90% PC): containing low percentages of MgO, claimed to 
have better physical properties than PC. 
 
Enviro-cements (25% - 75% MgO, 75% - 25% PC): containing high percentage MgO, 
have potential to immobilise toxic and hazardous waste. 
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Eco-cements (50% - 75% MgO, 50% - 25% PC): contains more MgO than the other 
two systems and reported to be suitable for producing blocks for construction 
(Harrison, 2005). 
 
It is reported that hydration of PC and MgO occurred in parallel, with the normal 
reaction products of PC found. In addition MgO reacted according to (Vandeperre et 
al., 2007): 
 22 OHMgOHMgO   
The pH of MgO reacting with water is expected to be in the range 9.6 to 10.5. The 
high water demand of MgO powders, which react fully in a reasonable amount of 
time, tends to limit the strength from this reaction, but it has been shown that this can 
be overcome by carbonation. With a pozzolanic material (PFA) in the system, a 
possible hydration product is Mg6Al2(CO3)(OH)16(H2O)4 (Vandeperre et al., 2007). 
There have also been reports that magnesium silicate hydrate (M-S-H) gel could form 
in a manner analogous to that of calcium-silicate-hydrate (C-S-H) gel in PC, and this 
could also enhance strength (Brew and Glasser, 2005). No evidence for M-S-H gel 
formation was found in mixes containing PFA. However, finding an amorphous phase 
by XRD is difficult due to the many crystalline phases in PFA and the amorphous 
peaks associated with the silica content. 
 
2.7 Conclusions 
 
There is no permanent facility for ILW disposal in the UK and currently cement based 
materials are used to encapsulate much ILW which is then placed in temporary 
storage. Encapsulation using cements is reported to be a viable option for some wastes 
and a good record of treatment and containment for a range of wastes has been 
developed over recent years. Composite cements based on the partial replacement of 
PC with BFS or PFA are commonly used in the UK, but research into potential 
alternatives has evaluated the potential for waste encapsulation using calcium 
Chapter 2: Literature review 
 56 
aluminate cement, magnesium phosphate cement, calcium phosphate cement, calcium 
sulpho-aluminate cement, alkali-activated systems and geo-polymers. As reviewed 
above, each has particular advantages for some of the wastes but also disadvantages 
for example high pH or high heat generation.   
 
Al 1050 and Magnox swarf, a magnesium alloy, are the main metal wastes in the 
legacy ILW stream in the UK. They arise from the de-cladding of nuclear fuel and 
components of the fuel rods. In the legacy waste stream, accrued during past 
operations, these metals have not been separated. This poses a challenge for treatment 
since the requirements for passivation of corrosion of these metals are very different. 
A moderate pH (pH 4-10) is advantageous for Al because both high pH and low pH 
cause corrosion. In contrast, passivation of magnesium requires a high pH, as the 
solubility of magnesium hydroxide decreases with pH.  
 
Considering that Al may still be passive for pH values up to 10 and that magnesium 
hydroxide could remain stable down to pH 9, it was decided to design cements with a 
pore water pH in the range of pH 9-10. An expected further advantage of this 
approach is that a much wider range of metals shows low corrosion and low mobility 
in this pH range. Therefore such a binder could potentially have much wider 
application than in legacy waste encapsulation, which would enhance the commercial 
viability of the product.  
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3. Aims and objectives 
 
This research aimed to develop a novel low pH cement binder system with physical 
and mechanical properties suitable for encapsulation of intermediate level nuclear 
wastes containing Al and Magnox swarf. 
 
This aim will be achieved by meeting the following objectives: 
 
 Investigate the pH of solutions from different potential waste encapsulation 
systems and select appropriate systems for detailed investigation. 
 
 Understand how to optimise and control the pH of binary and tertiary 
samples. 
 
 Improve and optimise the selected system to meet the requirements for 
nuclear wastes encapsulation. 
 
 Characterise different encapsulation systems in terms of physical, chemical 
and mechanical properties. 
 
 Encapsulate metal-containing wastes (Al 1050, Magnox) in optimised 
encapsulation systems and a control system used in industry. 
 
 Complete testing of encapsulated metal-containing wastes in terms of 
corrosion rate, microstructure and chemical composition. 
 
 Understand the influence of composite binder mix design on the corrosion of 
encapsulated wastes. 
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4. Materials and methods 
 
4.1 Introduction 
 
This chapter presents chemical and physical characteristics of raw materials and 
summarises the experimental methods used in this research. The experimental 
programme used a comprehensive set of analytical techniques in order to perform the 
following four main tasks:    
 
1. Characterisation of the Mg/SF binary system;  
2. Assessment of the effect of different additives on the properties of the 
MgO/SF system; 
3. Assessing  the  physical,  chemical and  mechanical properties of the improved 
Mg/SF system and the control PC/BFS system;  
4. Investigation of the corrosion of metals encapsulated in the optimised MgO/SF 
system and the control PC/BFS system.  
 
4.2 Raw materials and chemicals 
     
The materials used were PC (PC; CEM II, Lafarge, UK), a commercially available 
magnesium oxide (MgO, MagChem 30, M.A.F. Magnesite B.V., the Netherland), 
ground granulated blast furnace slag (BFS, Civil and Marine Slag Ltd., UK), 
metakaolin (MK; Metastar 501, IMERYS Minerals Ltd., UK), silica fume (SF; Elkem 
Materials Ltd.) and silica sand (Redhill, RH110, Sibelco, UK). Sodium 
hexametaphosphate (Na-HMP, Fisher, UK) was added as a dispersing agent and 
magnesium carbonate (MgCO3, Fisher, UK) was used to control the initial pH of 
selected novel cement systems. The chemical and physical properties of the raw 
materials as obtained from the suppliers are detailed in Table 4.1. CEM II was a 
binary system including 35% PFA and RH 110 is a high silica sand with a total quartz 
content of 98.8%.   
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Table 4.1: Chemical and physical characteristics of raw materials. 
 MgO PC SF MK BFS MgCO3 
Chemical composition (%)       
SiO2 0.35 13.9 >97.5 59.5 34.7 <0.05 
Al2O3 0.1 10.2 <0.7 34.0 13.9 - 
Fe2O3 0.15 2.7 <0.3 0.7 0.5 <0.05 
CaO 0.8 63.6 <0.3 0.6 38.8 <1 
P2O5 - - <0.1 0.0 - - 
MgO 98.2 0.6 <0.5 0.5 9.2 - 
K2O - 0.9 <0.6 2.0 0.28 <0.02 
Na2O - - <0.3 0.0 0.25 <0.5 
TiO2 - 0.1 - 0.2 1.01 - 
SO3 0.05 6.9 <0.4 1.1 0.05 <0.5 
Sum 99.65 98.9 >99.0 99.6 98.7 - 
LOI 1.7 - <1.0 0.8 - - 
pH - - 8.2 4.8 - 10.2 
Specific Gravity (g/cm
3
) 3.23 3.15 1.94 2.14 2.15 - 
Loose bulk density (kg/m
3
) 350 - 311 285 174 - 
Mean particle size (µm) 5 - < 1 6.6 - - 
BET surface area (m
2
/g) 25 0.4 21.4 17.3 - - 
 
4.3 Sample preparation 
 
4.3.1 Preparation of cement paste 
 
For initial pH measurement, cement pastes containing MgO were prepared according 
to the mix proportions shown in Table 4.2. The total water/cement (w/c) ratio was 
varied so that the specimens had similar consistence. Cement mixtures were mixed 
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with water using a hand mixer for 5 minutes and cured in a high humidity 
environment created by placing the samples in sealed polyethylene bags. 
 
Table 4.2: Composition of the mixes for both solution samples and solid samples. 
No 
MgO 
(%) 
PC 
(%) 
BFS 
(%) 
SF 
(%) 
Metakaolin 
(%) 
w/c 
 
1 0 100 - - - 0.30 
2 20 80 - - - 0.35 
3 50 50 - - - 0.50 
4 10 10 80 - - 0.35 
5 10 - 90 - - 0.35 
6 50 - 50 - - 0.50 
7 10 10 - 80 - 1.00 
8 10 40 - 50 - 0.75 
9 50 - - 50 - 1.00 
10 10 10 - - 80 0.90 
11 10 - - - 90 1.00 
12 50 - - - 50 1.00 
 
To prepare the cement pastes for all the properties tested, solid raw materials were 
firstly mixed with water using an automatic mixer (65-L0006/AM, Controls, UK) at a 
low speed (140 ± 5 r.p.m.) for 5 minutes and then at a high speed (285 ± 10 r.p.m.) for 
10 minutes. The paste was left on a vibration table for 5 minutes to remove air 
bubbles after mixing. The samples were cured in a relative humidity of greater than 
95% at 22 ± 1 
o
C. 
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For compressive strength tests, specimens were cast in 285 mm × 25 mm × 25 mm 
steel moulds, demoulded after 24 hours and cut into 25 mm × 25 mm × 25 mm cubes. 
For the flexural strength and length change tests, specimens were cast into 
60 mm × 10 mm × 10 mm blocks. 
 
4.3.2 Preparation of M-S-H gel 
 
Synthetic M-S-H gel was prepared according to the method described by Brew and 
Glasser (Brew and Glasser, 2005). Solutions of Na2SiO3∙5H2O and Mg(NO3)2∙6H2O 
were cooled at 0 °C and mixed by stirring in a three-necked flask at a 1:1 Mg:Si ratio. 
The flask was kept immersed in an ice-water bath during the precipitation process. 
The Na2SiO3∙5H2O was added first, followed by the gradual addition of 
Mg(NO3)2∙6H2O. The precipitated composite was filtered and washed to remove all 
Na
+
 ions. The solids were then dried in a desiccator at 20 °C for 7 days.  The 
schematic diagram of the setup used to prepare M-S-H gel is shown in Figure 4.1. 
 
 
Figure 4.1: Schematic diagram of the setup used to prepare M-S-H gel. 
 
4.3.3 Preparation of Al-1050 in selected binder systems 
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Experiments have been carried out to investigate the interaction of these new binders 
with Al, both in terms of rate of corrosion as well as the phases that form by reaction 
of the binder with Al.  
 
Three reference binders based on PC and PC/BFS composites and two test binders 
with different MgO/silica fume ratios were prepared. These were: 
 
a. 100% PC with w/s ratio 0.3. 
b. 25% PC/ 75% BFS with w/s ratio 0.35. 
c. 10% PC/ 90% BFS with w/s ratio 0.33. 
d. 50% MgO/ 50% SF with w/s ratio of 1.05. 
e. 20% MgO/ 80% SF with w/s ratio of 1.2. 
 
Three different types of samples were prepared. These were a) pure binder, b) binder 
with Al completely immersed, and c) binder with the Al partially exposed. 
 
4.4 Characterisation techniques 
 
4.4.1 Extractable pH 
 
pH is expected to be important in determining corrosion and therefore an assessment 
of potential initial pH values of the cement binder is required. Pore water can be 
removed from cement using high pressure but an indication can also be obtained by 
allowing the cement to reach equilibrium when in contact with excess water.  
 
Two types of measurements were carried out to study the pH evolution with time. In 
the first approach, the pH of cured samples was determined by crushing and grinding 
1 g of sample to < 1 mm and dispersing the fragments in 5 g of water. Following 
24 hours mixing, the solids were allowed to settle and the pH of the solution was 
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measured by placing a standard glass pH electrode in the liquid above the settled 
solids.  
 
In the second approach, 10 g of the solids was mixed with 100 g of distilled water to 
give samples which remained suspensions throughout the test. These were continually 
agitated by rotation (20 r. p. m.) except when measurements of the pH were taken. 
This involved allowing the solids to settle before determining the pH. The test was 
performed in duplicate. 
 
4.4.2 Density 
 
Relative density is the ratio of the density of the material to the density of distilled 
water at a stated temperature. The relative density is determined using Archimedes' 
Principle. The procedure is as follows: dry the sample to constant mass and cool the 
sample in air at room temperature for 1 hour. Immerse the sample in water for 24 
hours and remove the sample and roll it in a large absorbent cloth until all visible 
water is removed. Determine the mass of the sample and immediately place the 
sample in a container and determine the mass of the sample in water. The apparent 
loss of mass of the immersed sample is equal to the mass of the volume of water 
displaced by the sample (ASTM, 2003). For the determination of density the mass of 
oven-dried (105
o
C) sample (mdry), 24 hour water saturated sample (msat) and water 
immersed sample (mimm) were measured. Density of the samples (g/cm
3
) was 
determined by Eq. 4.1: 
                                    
OH
immsat
dry
mm
m
2
 

                                   Eq. 4.1 
where OH2  ≈ 1.0 g/cm
3
 at 10
o
C under atmospheric pressure (Weast, 1972). The test 
was performed in duplicate and the results were averaged. 
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4.4.3 Setting time 
 
Setting time is one of the most important properties of a concrete, as it determines 
how much time is available to place and finish the concrete. The setting time was 
determined according to British standard (BSI, 2005). In this a sample is proportioned 
and mixed to workable consistency, moulded and held in a moist environment.  
Periodic penetration tests are performed by allowing a 1.13 mm Vicat needle to settle 
into the sample. The time at which the distance between the needle and the base-plate 
is (6 ± 3) mm, recorded to the nearest 5 minute, is the initial setting time of the 
cement. The time at which the needle only penetrates 0.5 mm into the specimen is the 
final setting time of the sample (BSI, 2005). The test was performed in duplicate. 
 
The consistence of fresh mortar is determined by flow table according to BS EN 
1015-3 (BSI, 1999). Before each test, wipe the disc and the inner surface and edges of 
the mould clean with a damp cloth and let it dry.  Operate the table for ten revolutions 
before use if the table has not been used within the last 24h. Fill the mould with fresh 
mortar and remove any water from around the bottom edge of the mould. After 
approximately 15s, slowly raise the mould vertically and spread out the mortar on the 
disc by jolting the flow table 15 times at a constant frequency of approximately one 
per second. Measure the diameter of the mortar in two directions at right angles to one 
another using callipers, state the results in mm to the nearest mm (BSI, 1999). The test 
was performed in duplicate and the results were averaged. 
 
4.4.4 Compressive strength 
 
Compressive strength is a more highly utilized parameter in the cement and concrete 
industries because it reflects the capacity of a material or structure to withstand axially 
directed loading forces. Compressive strength of samples in this research was 
determined using an unconfined test frame (Zwick/Roell Z010). The load rate used 
was 300 kPa/s and the maximum load applied to the blocks at which fracture occurred 
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was recorded. At least 5 specimens for each composition were tested and the standard 
deviation (as error) and mean of the data calculated. The compressive strength is 
calculated from Eq. 4.2: 
A
F

                                            Eq. 4.2 
where σ is the sample strength (MPa), F is the maximum applied load (N), and A is 
the cross-section area of the test sample (m
2
).  
 
4.4.5 Flexural strength 
 
The three-point flexural strength of specimens was determined using smaller test 
frame (Zwick/Roell Z2.5). Bar specimens (60 mm x 10 mm x 10 mm) were tested 
with the test surface polished using SiC paper. The span length was 40 mm and the 
cross-head speed was 0.5 mm/min. For each composition, at least six samples were 
tested and the average calculated. The arrangement of the loading for the 
determination of flexural strength is shown in Figure 4.2. 
 
Figure 4.2: Arrangement of loading for determination of flexural strength by the 3-point 
strength test. 
 
The force at the fracture point was recorded and the flexural strength was calculated 
with the following equation: 
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22
3
bd
Fl
f                    Eq. 4.3 
where σf  is the flexural strength (MPa), F is the load at fracture (N), l is the length of 
the span (40 mm), b is the width of the specimen (10 mm) and d is the thickness of the 
specimen (10 mm). 
 
4.4.6 Crystalline phase analysis by X-ray diffraction (XRD) 
 
X-ray diffraction (XRD) is a non-destructive analytical technique which is used to 
determine the crystalline phases present in a material. A crystal consists of a regular 
arrangement of atoms, in a lattice structure with regular repeating distances between 
the crystallographic planes. In most crystals the size and distance between atoms is 
comparable with the wavelength of the X-rays. The repeated pattern of the crystal 
lattice therefore acts as a diffraction grating for X-rays (Hammond, 2009).  
 
Bragg observed that the incident X-rays are diffracted by the lattice and derived a 
relationship known as Bragg’s law. This relates the diffraction angle between the 
planes and the X-ray beam to the interplanar spacing and the wavelength of the 
incident X-rays (Eq. 4.4) (Hammond, 2009): 
                                       2 sind n                                 Eq. 4.4 
where d is the interplanar spacing, θ is the diffraction angle, n is the order of 
diffraction and λ is the wavelength of the incident X-rays. A schematic of the XRD 
and Bragg’s law is shown in Figure 4.3. 
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Figure 4.3: A schematic of the X-rays diffraction (Bragg’s law). 
 
In XRD measurements a monochromatic X-ray beam with wavelength λ is radiated 
onto a powder material at an angle θ, as shown in Figure 4.4. Constructive 
interference only takes place for certain θ’s correlating to a (hkl) planes, when the 
path difference is equal to nλ. In general XRD spectra are obtained in θ-2θ mode. 
Only planes of atoms that share the same normal will be seen in the θ-2θ scan. The 
θ-2θ scan maintains the incident and diffracted angles with the sample, detector and 
X-ray source (Hammond, 2009). 
 
 
Figure 4.4: Schematic of Bragg spectrometer. 
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In this research, XRD (PW 1700 with Cu Kα radiation, Philips, The Netherlands) was 
used to identify the crystalline phases present in powder samples. Experiments were 
performed in the 2θ range between 5o and 70o. 
 
4.4.7 Scanning electron microscopy - Energy dispersive spectroscopy (SEM-
EDS) 
 
The scanning electron microscope (SEM) uses a focused beam of high-energy 
electrons to generate a variety of signals at the surface of solid specimens. It provides 
high resolution images with a three-dimensional appearance of the surface of samples.  
 
 
Figure 4.5: (a) Schematic of the main components of a scanning electron microscope (SEM) 
and (b) Representation of the interaction volume (BSE = backscattered electrons, SE = 
secondary electrons) (Goldstein et al., 2003). 
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The principle of the SEM is presented in Figure 4.5. SEM utilizes a finely focused 
electron beam to scan small areas of solid samples. Secondary electrons are emitted 
from the sample and are collected to create an area map of the secondary emissions. 
Because the intensity of secondary emission is very dependent on local morphology, 
the area map is a magnified image of the sample (Reimer, 1998).  
 
SEM was used to image the raw materials and several cement samples during this 
research. To study the fracture characteristics of cement samples, fracture surfaces 
were examined. Both bulk and powdered samples of batch materials were gold coated 
before being examined by SEM (JEOL-JSM-5610LV).   
 
Energy dispersive spectroscopy (EDS) is an analytical technique for identifying the 
chemical composition of samples. When the specimen is bombarded by the electron 
beam, X-rays are emitted from the atoms at the specimen surface. The quality and 
quantity of energy is measured by the EDS X-ray detector which is used to 
characterise the elements present in the specimen (Herguth and Nadeau, 1986).  
 
 
Figure 4.6: Schematic representation of an energy-dispersive spectrometer. (MCA: 
Multichannel Analyser; FET: Field Effect Transistor) (Goldstein et al., 1981). 
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The basic design of an energy dispersive spectrometer is shown in Figure 4.6. The X-
ray passes through a thin beryllium window into a cooled reverse-biased lithium-
drifted silicon detector. Absorption of the X-ray photon in the detector generates a 
photoelectron, which in turn generates electron-hole pairs in the reverse-biased diode. 
These electron-hole pairs are swept away by the bias on the detector and are then 
converted into a voltage pulse by a charge sensing amplifier. The signal is further 
amplified and sent to a multichannel analyzer, where the pulses are sorted by voltage. 
The distribution by voltage can then be displayed and manipulated by the computer to 
identify peaks or quantification (Goldstein et al., 1981). 
 
The variation of the chemical composition near the metal-binder interface was 
analysed by energy dispersive elemental analysis in a scanning electron microscope 
(JEOL-JSM-840A, Jeol, Japan). The specimens were polished to a 1μm surface finish 
using diamond paste, dried at 105 
o
C for 24 hours and then gold coated before being 
examined. 
 
4.4.8 Measurement of the corrosion rate by collecting H2  
 
In an alkaline environment the normal aluminium oxide layer coating Al metal reacts 
with hydroxide anions as below (Setiadi et al., 2006): 
      Al2O3 + 2OH
-
 +3H2O →2[ l(OH)4]
- 
           Eq. 4.5 
The Al is then exposed to the alkaline environment and the following corrosion 
reaction occurs (Setiadi et al., 2006): 
2Al + 2OH
-
 + 6H2O →2[ l(OH)4]
-
 +3H2(g)      Eq. 4.6 
The amount of hydrogen generated is in direct proportion to the amount of Al that has 
corroded. Measurement of H2 gas evolved allows the rate and extent of corrosion to 
be quantified. Hydrogen reacts explosively with oxygen, and none of the other 
substances that could be possibly formed in this reaction have that property. To 
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confirm the formation of hydrogen gas, a lighted splint was inserted into the test tube 
and a loud 'pop' confirmed the presence of hydrogen gas.  
 
To study the interaction of the binders with Al, a small strip of Al (Al 1050, 6 mm × 
3 mm × 25 mm) was encapsulated in the binder. To monitor any continuing corrosion 
of Al in a non-destructive manner, the volume of hydrogen escaping from the sample 
was measured as a function of time using the set-up shown in Figure 4.7. Two types 
of samples were prepared for each binder: a) binder with Al completely immersed and 
covered with water, b) binder with Al completely immersed. To correct the volume of 
gas according to the temperature and pressure change, two reference set-ups were 
prepared with pure water.  
 
 
Figure 4.7: Schematic diagram of experiment to measure H2 generation. 
 
4.4.9 Thermal analysis by Thermogravimetric analysis (TGA) and Differential 
thermal analysis (DTA)/ Differential scanning calorimetry (DSC) 
 
Thermogravimetric analysis (TGA) is an analytical technique used to determine 
changes in weight of a sample in relation to changes in temperature. The analysis can 
be performed in either air or inert atmosphere, such as nitrogen. The analyzer consists 
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of a high-precision balance with two alumina pans, a sample and an empty reference 
pan. During TGA analysis, the reference pan is subjected to the same thermal 
programme, in order to provide a direct and simultaneous comparison for the weight 
and temperature changes occurring in the sample material. A highly sensitive 
microbalance recorded the weight changes, while a thermocouple allowed for the 
detection of sample temperature changes. The principle of TGA is shown below:   
 
 
Figure 4.8: Schematic principle of TGA measurement. 
 
Both DSC and DTA are concerned with the measurement of energy changes in 
materials. They are thus the most generally applicable of all the thermal analysis 
methods, because every physical or chemical change involves a change in energy.  
 
DSC is a technique in which the difference is calculated between the amount of heat 
needed (heat flow) to increase the temperature of the sample and the heat required to 
increase the temperature of the reference. DSC makes use of a reference pan in 
addition to the sample pan by measuring the difference in the temperature between the 
two pans and the amount of heat which is needed to be supplied to either the sample 
or reference pan to readjust the difference in temperature. This allows the type of 
reaction occurring, either endothermic or exothermic, to be determined as well as the 
intensity of the reaction. A negative heat flow value indicates that the sample 
temperature has decreased due to an endothermic reaction and the heat was supplied 
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to the sample pan while a positive heat flow value indicates that the sample 
temperature increased due to an exothermic reaction and the heat flow was supplied to 
the reference pan. The schematic principle of a DSC measurement is shown in Figure 
4.9 (Anasys, 2011). 
 
Figure 4.9: Schematic principle of DSC measurement. 
 
DTA is a technique in which the difference is calculated between the temperatures 
required by the reference and the sample when the heat flow is kept the same for both. 
The principle of DTA measurement is presented in Figure 4.10. Because the reference 
material has no physical or chemical transitions, the temperature of reference pan rises 
steadily. The temperature of sample also rises steadily in the absence of any 
transitions, but if for instance the sample melts, its temperature will lag behind as it 
absorbs the heat energy necessary for melting. When melting is complete, steady 
heating is resumed and an endothermic (heat-absorbing) peak shows up in the DTA 
curve. When the sample evaporates, there is an exothermic peak in the DTA curve 
(Anasys, 2011).  
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Figure 4.10: Principle of DTA measurement (S: sample; R: reference). 
 
Both DSC (PL-STA) and DTA (NETZSCH-STA) techniques were used in this 
research and the sample weight has been fixed ~20 mg of all solid samples and the 
particle size of sample was < 1 mm. The tests were performed under a nitrogen flow 
of 58 ml/min and the heating rate used was 10 
o
C/min. The weight loss was measured 
by the tangent method. 
 
4.4.10 Shrinkage  
 
The dimensional stability is one of the important parameters for cement system. The 
length change of the samples in this research was measured according to ASTM 
C490. However, 10 mm × 10 mm × 60 mm prisms were used instead of the standard 
25 mm × 25 mm × 285 mm prisms. All samples were cured in a room at 22 ± 1 °C 
and relative humidity of 95 ± 2%. A custom length invar bar was prepared as the 
length control, and the length change calculated using the following equation (ASTM, 
2000):  
          
%100
)(



x
ix
L
LL
L                  Eq. 4.7 
where L = change in length at i age, %, Lx = length of specimen at x age, mm, Li = 
length of specimen at i age, mm. Five specimens per sample have been tested, the 
average taken and the standard deviation calculated as the error. 
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4.4.11 Heat of hydration by isothermal conduction calorimetry 
 
Knowledge of the thermal response is important in the design of cement system for 
waste encapsulation. This is because cracking occurs as a result of stresses induced by 
temperature gradients within the concrete. Isothermal conduction calorimetry is used 
to evaluate the heat of cement hydration and a JAF calorimeter from Wexham 
Developments Ltd (UK) was used in this research.  
 
The principle the calorimeter works is that heat generated during the chemical 
reaction flows rapidly through a thermal conductor to a heat sink which is maintained 
at a constant temperature by a surrounding water bath. The conduction path is formed 
by a sensitive thermopile which produces an electrical output proportional to the heat 
flow through it. In this method a cement specimen is mixed with water in a plastic bag 
then sealed and placed inside the sample container as shown in Figure 4.11. The water 
bath was set to a specific temperature and the energy required to maintain the sample 
temperature is continuously recorded (PCA, 1997). 
 
 
Figure 4.11: Schematic representation of an isothermal conduction calorimeter.  
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4.4.12 Chemical resistance (acid attack) 
 
Because the cement is designed for nuclear waste encapsulation which will go to 
permanent underground disposal, chemical resistance is an important characteristic. 
The acid resistance of optimised samples and control PC samples were determined 
according to the method described in BS EN 1344: 2002 (BSI, 2002).  
 
Cement sample pieces were crushed and ground. The fraction passing an 800 μm 
sieve and retained on a 500 μm sieve was used. The sample was washed several times 
with deionised water until the supernatant liquid was clear, dried at 110˚C to constant 
mass and then cooled in a desiccator. A sample of approximately 50 g was weighed 
and treated with boiling sulphuric and nitric acid (75 ml of 10% sulphuric acid and 25 
ml of 10% nitric acid) for 1 hour in a 500 ml round bottom flask, fitted with a reflux 
condenser. After this treatment, 350 ml of deionised water was added to the mixture 
and the content of the flask was poured on a 150 μm pre-weighed sieve. The residue 
was rinsed until all traces of the acid had disappeared and the rinsing liquid was clear. 
The sieve with the residue was dried at 110˚C until constant mass and then weighed 
again (Kourti, 2010). The results are expressed as the loss in mass of the sample 
produced by the acid treatment as a percentage of the original mass. The test was 
performed in duplicate. 
 
4.5 Modelling pH  
 
To control the pH and investigate the effect of the additives on the pH of the system, 
Visual MINTEQA was used to model the pH in this research. This is a windows 
implementation of the MINTEQA2 algorithm (Allison et al., 1991) for calculation of 
geochemical aqueous equilibrium to interpret the results of the pH study. MINTEQA 
was first coded by the American Environmental Protection Agency (EPA) and has 
had a Windows version since 2000. MINTEQA2 is an equilibrium speciation model 
that can be used to calculate the equilibrium composition of dilute aqueous solutions 
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in the laboratory or in natural aqueous systems. The model is useful for calculating the 
equilibrium mass distribution among dissolved species, adsorbed species, and 
multiple solid phases under a variety of conditions including a gas phase with constant 
partial pressures. To complete a calculation with known pH value the “fixed” pH 
value option is selected. If the pH is to be calculated, the “calculated from mass 
balance” or “calculated from mass and charge balance” is selected. In most cases, the 
ionic strength is left as an option “to be calculated”. The temperature of the reaction is 
required and because the chemical reactions are temperature-dependant, visual 
MINTEQ 3.0 corrects equilibrium constants for temperature using the van’t Hoff 
equation. The components and their concentrations are then added as inputs to the 
problem and possible solid phases that may form during the reaction are selected 
(Gustafsson, 2011).  
 
Visual MINTEQ has been widely used as geochemical modelling software in leaching 
test and other applications (Celen et al., 2007; Cornu et al., 2011; Fernandez-Olmo et 
al., 2007). It was used to predict the pH of MgO/SF binary system and the improved 
MgO/SF system with MgCO3 addition in this research. 
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5. MgO/ Silica fume systems 
 
This chapter reports the experiments carried out to develop a low pH cement system 
based on the hydration of MgO. Properties of the new developed MgO/SF binary 
system will also be reported. 
 
5.1 Introduction 
 
Composite cements based on the partial replacement of PC with BFS or PFA are 
commonly used for ILW encapsulation in the UK, but the pH of these systems is too 
high for Al encapsulation. Research into potential alternatives has evaluated the 
potential for waste encapsulation using calcium aluminate cement, magnesium 
phosphate cement, calcium phosphate cement, calcium sulpho-aluminate cement, 
alkali-activated systems and geo-polymers. However, each has particular advantages 
for some of the wastes but also drawbacks, for example high pH or high heat 
generation.   
 
A moderate pH (pH 4-10) is advantageous for Al because both high pH and low pH 
cause corrosion. In contrast, passivation of Mg requires a high pH as the solubility of 
Mg(OH)2 decreases with pH. Considering that Al may still be passive for pH values 
up to 10 and that Mg(OH)2 could remain stable down to pH 9, it was decided to 
design cements with a pore water pH in the range of pH 9-10.  
 
Also, as discussed in section 2.6.5, the pH of hydrated MgO is expected to be in the 
range 9.6 to 10.5, which is not far from the desired pH. Therefore, MgO was chosen 
to be the main component of the cement system. To achieve lower heat generation 
during the hydration, several types of pozzolanic materials were mixed with MgO in 
the system.  
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5.2 Development of a cement with pH around 10 
 
Silica fume (SF), blast furnace slag (BFS) and metakaolin (MK) were chosen as the 
pozzolanic materials to mix with MgO and the effect on pH of the mixtures was 
investigated. A number of samples containing PC were also prepared as small 
amounts of PC are known to improve the strength of reactive MgO cement 
(Vandeperre et al., 2007).  
 
5.2.1 pH of raw materials 
 
As described in section 4.4.1, the pH of five raw materials when suspended in solution 
was monitored for 63 days and the results are shown in Figure 5.1. Both PC and BFS 
are high alkaline systems with pH above 12. The pH of MgO in water is around 11.2, 
which is higher than the expected pH for pure Mg(OH)2. This is thought to be due to 
the 0.8 wt% of CaO impurity in the MgO powder. SF offers a nearly neutral system 
because of the 97% of SiO2, and the pH of metakaolin (MK) is about 5.5.  
 
Figure 5.1: pH of raw materials (PC: Portland cement, BFS: blast furnace slag, SF: silica 
fume, MK: metakaolin).  
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5.2.2 Potential MgO composite cements 
 
To determine the effect of cement formulation on pH, samples based on MgO were 
prepared. In total, 12 samples (as shown in Table 4.2) were prepared and the pH 
evolution with time was investigated using the two methods described in 4.4.1.   
 
Figure 5.2 shows that the pH values are similar for both methods used. Therefore, in 
reporting the pH variation for all the samples, Figure 5.3, only one type of 
measurement is shown. A second observation is that after 28 days, little further 
change in pH is observed. As expected, samples containing PC tend to give pH values 
between 12.5-13.0 (Mindess et al., 2003). 
 
 
Figure 5.2: Comparison of pH evolution measured by dispersing fragments of cured solids 
(closed symbols) and measured in suspensions samples (open symbols). 
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reducing the pH increases as follows: BFS < MK < SF. Samples containing BFS have 
pH values similar to those containing PC, because there is over 38% of CaO in BFS 
which can form Ca(OH)2 with pH 12.4 when it dissolves in water. Samples containing 
MK show lower pH values but for the same sample pH, less SF is required than MK. 
Of the binary samples, only the MgO/SF (sample 9) and MgO/MK (sample 11) gave a 
pH value below 10 and these samples were therefore selected for further study. 
 
 
Figure 5.3: pH versus time in solid samples. The curves are labelled both by a short hand 
notation of the sample composition as well as with the number of the sample in Table 4.2. 
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5.2.3 MgO/SF and MgO/MK binary systems 
 
Further studies of the binary systems consisting of MgO and SF, and MgO and 
metakaolin were carried out. The amount of SF and metakaolin was changed from 
0 wt% to 100 wt% in steps of 10 wt%. The pH of the samples was monitored using 
the second approach as described in 4.4.1. 
 
Figure 5.4 and Figure 5.5 show the pH of samples determined at 7, 14 and 28 days. 
For the MgO/SF binary system, the 7 days pH is relatively high when the SF content 
is below 60%, but the pH after 14 and 28 days is lower which means there is some 
reaction occurring during this time. When the content of SF is more than 60%, there is 
no significant change in the pH at 7, 14 and 28 days. For the MgO/MK binary system, 
the pH does not change with time but decreases when the content of MK increases, as 
presented in Figure 5.5.  
 
 
Figure 5.4: pH versus composition for MgO/SF samples. 
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Figure 5.5: pH versus composition for MgO/MK samples. 
 
By comparing Figure 5.4 to Figure 5.5, it is confirmed that SF is more effective than 
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5.3.1 Setting time and compressive strength 
 
The method used for encapsulating waste in cement involves filling drums containing 
waste with cement in an automated plant. To avoid the formation of voids, the paste 
must flow well and have reasonable setting times (> 4 hours, < 24 hours) to enable a 
high throughput. Therefore, before carrying out any further characterization, the flow 
of the pastes was measured using a flow table (BSI, 1999) and the water to solid ratio 
of all pastes detemined to yield a flow similar to the PC/BFS control system. The 
setting time was measured with a Vicat apparatus according to BS EN 196-3 as 
described in section 4.4.3. 
 
Table 5.1 shows that the control cement sample (25% PC/ 75% BFS) with a water to 
solid ratio (w/s) of 0.35 gives a flow of 184 ± 5 mm. Because both MgO and SF 
consist of fine particles, which increase the water demand, the w/s ratio needed to 
give the same flow in samples of MgO/SF was much higher. The high water content 
poses a real challenge to strength development as presented in Table 5.2 and as shown 
in Table 5.1, this leads to long setting times (Liska et al., 2006; Mindess et al., 2003). 
 
Table 5.1: Water content for fixed mortar and setting time of the samples.  
Sample description Value          
(mm) 
w/s Final setting time 
(h) 
100% PC 185 ± 5 0.33 4.5 ± 0.5 
25% PC / 75% BFS 184 ± 5 0.35 5 ± 0.5 
50% MgO/ 50% SF 183 ± 5 1.3 48 ± 2 
20% MgO/ 80% SF 185 ± 5 1.6 72 ± 2 
 
The compressive strength of 50% MgO/ 50% SF with w/s ratio 1.3 and 
20% MgO/ 80% SF with w/s ratio 1.6 is shown in Table 5.2. Although the 28 days 
strength requirement of cement used in nuclear waste encapsulation is not high 
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(>5 MPa, 28 days) (Ojovan and Lee, 2005), the MgO/SF samples cannot meet this 
requirement. 
 
Table 5.2: Compressive strength of selected MgO/SF samples. 
Sample description 
Compressive strength  (MPa) 
7 days 28 days 
50% MgO/ 50% SF 1.42 ± 0.20 1.60 ± 0.25 
20% MgO/ 80% SF 0.30 ± 0.05 0.42 ± 0.06 
 
5.3.2 Phase formation during hydration 
 
The hydration products of 50% MgO/ 50% SF and 20% MgO/ 80% SF after 7 days 
and 28 days were studied using XRD as described in section 4.4.6 and the results are 
compared with that of the starting MgO powder and SF powder in Figure 5.6.   
 
Figure 5.6: XRD of the MgO and SF powder, 50% MgO/ 50% SF (M5S5) and 
20% MgO/ 80% SF (M2S8) samples after 7 days and 28 days. (B: brucite, M: magnesium 
oxide). 
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In the samples of 20% MgO/ 80% SF, it is clear that no MgO is left and a substantial 
amount of brucite has formed initially. The brucite peaks disappear after 28 days 
which suggests that the brucite reacts further with SF and form an amorphous phase. 
In the samples of 50% MgO/ 50% SF, the brucite peaks decreases with time 
indicating a reaction is ongoing between 7 and 28 days. The hydration products are 
investigated further below. 
 
5.4 Confirmation of the hydration products 
 
The XRD data suggested that an amorphous product had formed and this amorphous 
product could be a magnesium silicate hydrate (M-S-H) gel (Brew and Glasser, 2005). 
Therefore to confirm the hydration product, pure M-S-H gel was synthesised and its 
characteristics were compared with that of the hydration products formed in MgO/SF 
samples.   
 
The XRD data of M-S-H gel published in Brew and Glasser’s paper and the XRD data 
of M-S-H gel prepared by the chemical method are compared in Figure 5.7. Both are 
poorly crystalline products with two broad peaks at 2 ~35° and ~60°. The broad 
amorphous peaks for the product marked here were found to be consistent with the 
XRD pattern of magnesium silicate hydrate (M-S-H) gel published by Brew and 
Glasser (Brew and Glasser, 2005). 
Chapter 5: MgO/ silica fume systems                                                                                                                   
 87 
 
Figure 5.7: XRD of M-S-H gel prepared by chemical method compare with XRD of M-S-H 
gel from Brew and Glasser’s paper (*: M-S-H gel). 
 
To establish that the end-product of hydration was M-S-H gel, the XRD data of pure 
M-S-H gel prepared by the chemical method with Mg/Si ratio 1.0 was recorded. The 
ideal Mg/Si ratio for M-S-H gel formation is 0.67 - 1.0, which converts to a 
MgO/ (MgO+SF) weight percentage between 31% - 40%. Therefore a 40% MgO/ 
60% SF mix was selected and the hydration products of samples cured in 
polyethylene bags were investigated using XRD.   
 
As shown in Figure 5.8, the XRD pattern of M-S-H gel is similar to that obtained for 
40% MgO/ 60% SF with w/s ratio 0.8 after 146 days, suggesting that the hydration 
product of 40% MgO/ 60% SF is M-S-H gel.   
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Figure 5.8: XRD of M-S-H gel after 7 days and 40% MgO/ 60% SF after 146 days (*: 
magnesium silicate hydrate (M-S-H) gel). 
 
The other two mixes, 50% MgO/ 50% SF and 20% MgO/ 80% SF, were also tested 
by XRD after 28 days hydration. As seen in Figure 5.9, for samples containing 50 
wt% MgO or higher, brucite are found as well as a poorly crystalline product as 
evidenced by the appearance of two additional broad peaks at 2 ~35° and ~60° in 
addition to the broad peak due to silica fume at 2 ~22°. For samples with less than 
50 wt% MgO, for example 20% MgO, only the poorly crystalline hydration product 
remains. 
 
These results suggest that the hydration product of the MgO/SF binary system is M-S-
H gel when the MgO content is in the range 31% to 40% by mass. SF will be left if 
the MgO is below 31% and brucite is present when MgO is more than 40%. A Mg/Si 
molar ratio 1.0 is a target ratio for the confirmation of M-S-H gel. 
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Figure 5.9 : XRD of M-S-H gel after 7 days and 50% MgO/ 50% SF and 20% MgO/ 80% SF 
after 28 days (*: magnesium silicate hydrate (M-S-H) gel). 
 
5.5 Heat generation during hydration and phases forming at different 
MgO/SF ratio  
 
The heat generated during early hydration of 30% MgO/ 70% SF, 40% MgO/ 60% SF 
and 50% MgO/ 50% SF with w/s 0.5 was investigated by calorimeter (as described in 
section 4.4.11), and the results are presented in Figure 5.10, Figure 5.11 and Figure 
5.12. The rate of heat evolution for all three samples is similar and there is no 
significant peak as in the hydration of PC (Taylor, 1997). A broad heat evolution peak 
appears after around 120 hours curing, and to investigate which reaction causes this 
peak, XRD was carried out on samples before and after this peak time. The total heat 
evolved in these three samples is below 200 kJ/kg, which is much lower than for 
Portland cement (>300 kJ/kg) (Kadri et al., 2011). 
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Figure 5.10: Rate and total of heat evolution during the hydration of 30% MgO/ 70% SF with 
w/s 0.5. 
 
 
Figure 5.11: Rate and total of heat evolution during the hydration of 40% MgO/ 60% SF with 
w/s 0.5. 
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Figure 5.12: Rate and total of heat evolution during the hydration of 50% MgO/ 50% SF with 
w/s 0.5. 
 
XRD from 30% MgO/ 70% SF, 40% MgO/ 60% SF and 50% MgO/ 50% SF with w/s 
0.5 after 71 hours and 168 hours hydration are presented in Figure 5.13, Figure 5.14 
and Figure 5.15. Brucite and M-S-H gel are the main hydration products and both 
MgO and silica fume are left partially unreacted. The distinct changes before and after 
the major heat evolution peak are that the MgO peaks are weaker and the M-S-H gel 
broad peaks are stronger after 168 hours hydration in all three compositions. So the 
small broad heat peak evolved around 120 hours is probably due to dissolving MgO 
or reaction between brucite with silica to form M-S-H gel.  
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Figure 5.13: XRD from 30% MgO/ 70% SF with w/s ratio 0.5 after 71 and 168 hours (M: 
magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium silicate hydrate (M-S-H) gel). 
 
 
Figure 5.14: XRD from 40% MgO/ 60% SF with w/s ratio 0.5 after 71 and 168 hours (M: 
magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium silicate hydrate (M-S-H) gel). 
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Figure 5.15: XRD from 50% MgO/ 50% SF with w/s ratio 0.5 after 71 and 168 hours (M: 
magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium silicate hydrate (M-S-H) gel). 
 
5.6 pH calculations for the MgO/SF system  
 
5.6.1 pH of MgO powder in solution  
 
As described in section 4.5, the pH of the MgO solutions was calculated using 
MINTEQA2. When MgO is added to water, it will dissolve until the solubility limit is 
reached according to: 
                                   OHMgHMgO 2
22                                    (Eq. 5.1) 
The dashed line in Figure 5.16 shows how this increases both the pH as well as the 
amount of magnesium in solution. When the magnesium concentration is increased 
above the concentration in equilibrium with magnesium hydroxide (brucite, 
Mg(OH)2), magnesium hydroxide should precipitate according to: 
                                  2
2 )(2 OHMgOHMg                                     (Eq. 5.2) 
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Figure 5.16: Evolution of pH and total dissolved magnesium concentration as MgO is added 
to water at pH 7 (dashed line) as well as the equilibrium magnesium concentration in 
equilibrium with brucite and periclase as a function of pH. The filled circle indicates the 
predicted pH at completion of the hydration of MgO, whereas the open circle indicates the 
experimentally observed pH. 
 
The actual pH reached will depend on the ease with which brucite can nucleate and 
grow relative to the rate of dissolution of the MgO, but eventually all MgO will 
dissolve and precipitate as brucite. Moreover, brucite dissolution and precipitation is 
known to be rapid (Pokrovsky and Schott, 2004), suggesting the pH should not rise 
much above the value for brucite. Provided no carbonate ions are present, the pH is 
predicted to reach a value close to 10.5. Experimentally, however, the pH was 
measured at 11.2 and remained stable at this value even after 63 days. 
 
As this cannot be due to the MgO itself, impurities within the powder need to be 
considered. For example CaO is a common contaminant of MgO powders and is 
indeed the major impurity in the MgO powder used, as shown in Table 5.3. Because 
CaO is highly soluble and very alkaline, this could influence the pH quite strongly. To 
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test this assumption, the pH and dissolved magnesium concentration in equilibrium 
with brucite was calculated as a function of CaO added to the water. 
 
 
Figure 5.17: Effect of CaO concentration on equilibrium pH and dissolved magnesium 
concentration. 
 
As shown in Figure 5.17, the higher solubility of Ca(OH)2 relative to Mg(OH)2 leads 
to a situation where the calcium ions remain in solution in the presence of brucite 
leading to a higher equilibrium pH. The experimentally observed pH only requires 
about 1 mmol of CaO to be present in the water. Given that the MgO powder contains 
about 0.8 wt% of CaO, a solids loading of 1 g of powder per 10 ml of water, would 
yield a CaO concentration of up to 0.15 M, suggesting that there is enough CaO 
present to drive the pH up beyond the equilibrium value for hydration of pure MgO.  
 
Calculating the equilibrium for 1 g of MgO in 10 ml of water using the composition 
of the MgO given in Table 5.3 yields an equilibrium pH of 11.95. To obtain this value 
it was assumed that all phases are present as the pure oxides and that brucite, 
hematite, CSH gel, diaspore and CaSO3: 0.5H2O can precipitate. The dominant solid 
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phase is brucite with all other solids forming in negligible amounts relative to the 
brucite, as shown in Table 5.4. Therefore only brucite would be detected using e.g. 
XRD.  
 
Table 5.3: Composition of the MgO powder and calculated concentration for a solution of 1 g 
in 10 ml water. 
 wt% mmole / L 
MgO 98.2 wt% 2446.21 
CaO 0.8 wt% 14.32 
SiO2 0.35 wt% 5.85 
Fe2O3 0.15 wt% 0.94 
Al2O3 0.1 wt% 0.98 
SO3 0.05 wt% 0.63 
 
Table 5.4 Solids present at equilibrium of the simulated powder. 
Component 
Concentration 
(mole/L) 
Brucite 2.45 
Hematite 9.40 × 10
-4
 
C3S2H8 2.89 × 10
-3
 
Diaspore 1.88 × 10
-3
 
CaSO3:0.5 H2O 4.02 × 10
-4
 
 
5.6.2 Effect of adding fused silica to MgO powder mixture 
 
When fused silica is added to the mix, two effects contribute to the lowering of the 
pH. Firstly, brucite reacts with fused silica to form a magnesium silicate hydrate gel 
(M-S-H gel): 
                                cba
HSMOcHbSiOaMg   2
2
4
2
                      (Eq. 5.3)
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The stoichiometry of this reaction is at present not well understood, but in 
experiments carried out by Brew and Glasser (Brew and Glasser, 2005) poorly 
crystalline products with Mg to Si ratios between 0.66 and 1 were formed. The 
compositional range is consistent with crystalline hydrated magnesium silicates such 
as sepiolite (Mg4(Si2O5)3(OH)2) (Mg/Si=0.67), talc (Mg3(Si2O5)2(OH)2) (Mg/Si=0.75) 
and serpentine (Mg3(Si2O5)(OH)4) (Mg/Si=1.5). Calculation of the equilibrium of 
water in contact with sepiolite, shows that sepiolite formation is indeed favoured for 
pH values below 11.2, as seen in Figure 5.18. 
 
 
Figure 5.18: Equilibrium Mg
2+
 concentration as a function of pH for water in equilibrium with 
an infinite supply of brucite or sepiolite. 
 
5.6.3 pH predictions of MgO/SF binary system  
 
For the MgO and SF binary system, the pH data, measured at 7, 14 and 28 days, are 
shown in Figure 5.4. The 7 day pH of samples is above 11 for SF contents less than 
50 wt% and the pH is ~10 when the SF content is between 60 wt% and 90 wt%. For 
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all samples, the pH first reduced during the next 7 days, and then reached stable 
values as is clear from the constant pH between 14 and 28 days.  
 
The XRD information in Figure 5.9 was a guide to predictions of the pH made using 
Visual MINTEQ 2.6 (Gustafsson, 2009). The equilibrium constants of the formation 
reactions for the species considered are summarised in Table 5.5.  
 
Assuming only MgO and SiO2 to be present, and allowing brucite and sepiolite to 
precipitate, the predicted pH with composition is shown in Figure 5.19. For up to 
60 wt% silica fume, the pH observed at 28 days is consistent with the pH imposed by 
having the more soluble brucite present in addition to some sepiolite. Only when there 
is enough silica present to convert all brucite to sepiolite is the pH predicted to 
decrease. These observations are consistent with the experimental results even though 
the pH level for high silica contents is not accurately reproduced. 
 
 Table 5.5: Thermodynamic data used for pH predictions. 
Species Formation reaction Log K 
Quartz
*
 OHSiOSiOH 2244 2  4 
Brucite°   HOHMgOHMg 2)(2 22
2  -17.1 
Periclase
*
   HMgOOHMg 22
2  -21.584 
Chrysotile
*
     HOHOSiMgOHSiOHMg 6)(23 4523244
2  -32.2 
Sepiolite
*
    OHHOHOHOSiMgSiOHMg 222352444
2
2
1
46)(
2
1
32    -15.76 
Data from: 
*
 (Allison et al., 1991), ° (Altmaier et al., 2003). 
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Figure 5.19: pH versus composition in samples of MgO and silica fume compared with 
predictions for the pH assuming brucite and sepiolite form or assuming brucite and chrysotile 
form. 
 
The main conclusion from Figure 5.19 is that as long as Mg(OH)2 remains, the pH 
will be just above 10, whereas if all Mg(OH)2 reacts with silica, the pH will be 
slightly below 10. The experimental transition between lower and higher pH values 
(~55 wt% SF) is in between the Mg to Si ratio for pure chrysotile (Mg3Si2O5(OH)4) 
and sepiolite (Mg4(Si2O5)3(OH)2•4H2O) (Zhang et al., 2011). This is consistent with 
the findings of Brew and Glasser as M-S-H gel was found to form with Mg/Si ratio 
between 0.67 and ~1.0. This is between the Mg/Si ratios of chrysotile (Mg/Si 1-1.5) 
and sepiolite (Mg/Si 0.67) (Brew and Glasser, 2005). The amorphous nature of the M-
S-H gel and the possible variation in composition probably contribute to a more 
gradual change in pH compared with the distinct change when crystalline phases are 
present. 
 
5.7 Encapsulation of Al-1050 in selected binder systems  
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5.7.1 Appearance of corrosion 
 
The formation of H2 gas was confirmed by the test described in section 4.4.3. The 
appearance of samples prepared according to section 4.3.3 after 24 hours are shown in 
the photographs in Figure 5.20 to Figure 5.24. These show the formation of voids at 
the interface of the Al and the binder due to the production of H2 gas.  This varies 
depending on the type of binder used. Because the pH of pure PC and BFS/PC system 
is higher, more H2 is produced and a larger gap is formed around the Al strip 
compared with the MgO/SF system. Within the PC/BFS binder systems, higher BFS 
content yields lower pH and less H2 generation. Therefore there is less corrosion 
product on the surface when Al is encapsulated in 10% PC/ 90% BFS sample as 
shown in Figure 5.20, Figure 5.21 and Figure 5.22. A void is formed by H2 generated 
when the Al bar is completely immersed in cement. 
 
 
Figure 5.20: The appearance of 100% PC samples after 24 hours: (a) pure binder, (b) binder 
with Al completely immersed and (c) binder with the Al partially exposed. 
 
 
Figure 5.21: The appearance of 25% PC/ 75% BFS samples after 24 hours: (a) pure binder, 
(b) binder with Al completely immersed and (c) binder with the Al partially exposed. 
 
(a) (b) (c) 
1 cm
(a) (b) (c) 
1 cm
Chapter 5: MgO/ silica fume systems                                                                                                                   
 101 
 
Figure 5.22: The appearance of 10% PC/ 90% BFS samples after 24 hours: (a) pure binder, 
(b) binder with Al completely immersed and (c) binder with the Al partially exposed. 
 
After 24 hours hydration, both the MgO/SF samples have not set completely because 
of the high water content, but a crack and gap caused by H2 generation are clear in the 
50% MgO/ 50% SF mix as seen in Figure 5.23 and Figure 5.24. 
. 
 
Figure 5.23: The appearance of 50% MgO/ 50% SF samples after 24 hours: (a) pure binder, 
(b) binder with Al completely immersed and (c) binder with the Al partially exposed. 
 
 
Figure 5.24: The appearance of 20% MgO/ 80% SF samples after 24 hours: (a) pure binder, 
(b) binder with Al completely immersed and (c) binder with the Al partially exposed. 
 
 
(a) (b) (c) 
1 cm
(a) (b) (c) 
1 cm
(a) (b) (c) 
1 cm
Chapter 5: MgO/ silica fume systems                                                                                                                   
 102 
5.7.2 Results from corrosion tests by measuring H2 generation 
 
Two sets of binders were prepared: 25% PC/ 75% BFS and 20% MgO/ 80% SF. 
25% PC/ 75% BFS mix was chosen as the control sample and 20% MgO/ 80% SF 
was selected because of the improved performance presented in Figure 5.24. The 
volume of the hydrogen generated with time was recorded. For some binders, the 
large amount of hydrogen, which formed at the start of the experiments, caused the Al 
and the binder to separate, which inhibited any further reaction from occurring. 
Therefore, samples were kept under a head of water to ensure that contact between 
binder and Al was maintained in further experiments. 
 
The amounts of hydrogen generated as a function of time in the control binder and in 
a sample of 20% MgO/ 80% SF were determined according to section 4.4.8 and are 
compared in Figure 5.25 and Figure 5.26. More hydrogen was generated in water 
immersed samples and more hydrogen was generated from Al encapsulated in the 
control BFS/PC binder compared to the MgO/SF binder. The H2 generation 
completed within 24 hours when Al is encapsulated in a sample without a head of 
water, but H2 gas is still evolving even after 7 days if Al is encapsulated in cement 
under water. 
 
As shown in Figure 5.26, the initial rate of hydrogen evolution in the control binder is 
extremely high, but this is followed by a much slower rate of hydrogen evolution, 
indicating that some form of passivating reaction layer may have formed. Similar 
behaviour is seen in the MgO/SF binder, but the initial rate of hydrogen evolution is 
significantly reduced, consistent with the lower initial pH. After the initial period the 
rate of corrosion in both systems appears to be quite similar. 
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Figure 5.25: H2 generation during corrosion testing of Al 1050 in dry mix. 
 
 
Figure 5.26: H2 generation during corrosion testing of Al 1050 under water. 
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5.8 Discussion 
 
The pH of five raw materials were tested in solution for 63 days and the results show 
that both PC and BFS are highly alkaline systems, SF is neutral and MK is slightly 
acidic. The pH of MgO in water is stable at 11.2 which is higher than calculated and 
this is due to the 0.8 wt% CaO impurity. 
 
These results indicate that to prepare a low pH mix, SF is more effective than MK and 
BFS. For the MgO/SF system, a pH ~10 requires only 50% SF, whereas for MgO/MK 
such pH values are only obtained using 90% MK. Detailed studies on the pH of 
binary systems containing MgO and SF were carried out and the results show that 
samples with higher SF content yield lower pH. The 7 day pH is higher than after 14 
and 28 days which indicates that the hydration is not completed within 7 days. 
 
Compared with the BFS/OPC system, much more water is needed for the MgO/SF 
system because of the fine nature of MgO and SF powders (5µm and <1 µm). As a 
result, set only occurs after 48 to 72 hours and the compressive strength is also quite 
low at around 1MPa. The water/solid ratio is the key factor which influences the 
physical properties of this binder system. 
 
The chemical method to prepare M-S-H gel described by Brew and Glasser was used. 
The amorphous peaks found in the XRD of MgO/SF samples matched those in M-S-
H gel, confirming that M-S-H gel is formed during the hydration of the MgO/SF 
samples.  
 
The heat generated during the early hydration of several MgO/SF mixes was 
investigated by calorimetry and the heat evolution for all the samples is similar around 
180 KJ/Kg during the first 240 hours. In contrast to PC there is no significant heat 
evolution peak. A broad evolved heat peak appears around 120 hours. The total heat 
evolved in these MgO/SF mix samples is much lower than for PC. 
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Five different mixes were prepared for Al corrosion test. Initial results suggest that 
while the early corrosion rate is lower (<0.5 ml/cm
2
), from 2 to 14 days the corrosion 
rate in a sample of MgO/SF is similar to the rate in BFS/PC when samples were kept 
under a head of water. The corrosion stops within 24 hours in both BFS/PC and 
MgO/SF sample if there is dry environment. This is due to a gap formed due to the H2 
generation that separates the Al and the binders that inhibit further reaction. 
 
As shown in Figure 5.19, calculations suggest that for MgO contents less than 30%, 
the pH should be 9.0-9.2, no brucite should remain and a pure magnesium silicate 
hydrate should precipitate. The high solubility of the poorly crystalline material 
explains why the pH (~9.5) remains slightly higher than predicted. The composition 
of the MSH gel is not as fixed as those of the crystalline products and this explains 
why the change in pH with composition is more gradual than predicted. At higher 
MgO contents, brucite is expected to remain and therefore the pH should be about 
10.5, as observed. Although not intended, the silica fume reacts with the MgO 
forming a magnesium silicate hydrate gel. For excess MgO contents, the remainder of 
the MgO forms brucite. Therefore, the pH can be fine-tuned to just below 10 by 
limiting the MgO content so that in the long term only MSH gel will be present, or to 
just above 10 by using excess MgO. 
 
5.9 Conclusions 
 
A systematic study of the development of pH in samples containing MgO and selected 
pozzolanic materials showed that for low pH, SF is more effective than MK and BFS. 
Grinding solids after humid curing or dispersing the sample at water to solid ratio 5 to 
1 for the entire duration of the experiment gave similar pH data.  
 
Compared with the BFS/PC system, the MgO/SF system has a longer setting time 
around 48 to 72 hours and compressive strength is also quite low at just above 1 MPa. 
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This is attributed to the high water content (0.8 to 1.0), and the water/solid ratio of 
MgO/SF should be reduced to improve the mechanical properties of this system if it is 
to meet the requirements for nuclear waste encapsulation.  
 
Visual MINTEQ was used to predict the pH of MgO/SF system and the predicted 
results matched the experimental data when brucite and sepiolite/chrysotile are 
formed. Both XRD and prediction results suggest that M-S-H gel is a hydration 
product.  
 
H2 has been detected when Al is encapsulated in both PC/BFS and MgO/SF systems. 
It is suggested that the initial pH of the MgO/SF mix is still higher than desired and 
this might be caused by the small amount of CaO as impurity in the MgO. 
 
The investigation presented in this chapter shows that the binary MgO/SF system has 
several advantages compared to the control BFS/PC system: 
a) Low pH around 10 after 7 days hydration (see Figure 5.4); 
b) Very low heat evolution during the first 24 hours of hydration (see Figure 5.10 to 
5.12).  
 
However, there are also obvious disadvantages in MgO/SF system compared to the 
control system: 
a) High w/s ratio (0.8 to 1.0) and long setting time (48 to 72 hours); 
b) Very low compressive strength (1 MPa) which cannot meet the requirement (5 
MPa) for ILW encapsulation; 
c) Cracking occurred when dried in the oven at 60
o
C. 
 
Because these problems will limit the application of this system for encapsulation of 
Al and Magnox swarf wastes, different additives were investigated to improve the 
MgO/SF binary system and this is reported in the next chapter.  
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6. Improvement of the MgO/ silica fume system 
 
6.1 Introduction  
 
Although the MgO/SF binary system offers a lower pH at about 10 after 7 days, long 
setting time is needed for hydration, and the compressive strength does not meet the 
requirement. This is expected to be in part, due to the high water content. Therefore 
the effect of lowering the w/s ratio on the physical properties of the binder system was 
investigated. 
  
As presented in Figure 5.25 and 5.26, there is still significant H2 generated when Al is 
encapsulated in the MgO/SF sample. This is due to the initial pH of the MgO/SF 
sample being higher than desired. Therefore methods to further reduce the initial pH 
were investigated. Cracking also occurs when some of the MgO/SF samples are dried. 
One method used to reduce cracking is the addition of inert filler protection. The 
addition of sand as filler has therefore been extensively investigated.  
 
The following are the main methods investigated for improving the MgO/SF system 
in this chapter: 
 
a) Reducing the w/s ratio by adding a superplasticiser or dispersing agent; 
b) Investigating the effect of water content on the properties of MgO/SF system; 
c) Investigating the effect of adding sand on the dimensional stability of the MgO/SF 
system; 
d) Examining the pH of the improved MgO/SF system and control the initial pH of 
the system by adding a buffer solution. 
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6.2 Reducing w/s ratio by adding sodium hexametaphosphate (Na-HMP)  
 
Superplasticisers are widely used as admixtures in cement systems to disperse the 
particle suspensions and reduce the water content required for mixing (Hewlett, 
2004). These can effectively improve the workability of the sample and also lead to 
higher compressive strength and improved durability (Poitevin, 1999). In the cement 
system containing SF, the large amount of SF (>50 wt%) gives a corresponding 
increase in internal surface forces. Therefore superplasticisers are generally used with 
cement containing SF (Hewlett, 2004).  
 
Superplasticisers are often negatively charged organic polymers with a wide range of 
molecular weight from 100 to 100,000 g/mol. Three main groups of superplasticisers 
are sulphonated naphthalene condensates (PNS), sulphonated melamine condensates 
(PMS) and polycarboxylates (PCs) and the general molecular structure of these is 
shown in Figure 6.1 (Ervanne and Hakanen, 2007).  
 
 
Figure 6.1: General molecular structure of (a) sulphonated naphthalene condensates (PNS), 
(b) sulphonated melamine condensates (PMS) and (c) polycarboxylates (PCs). 
 
However, the behaviour of superplasticisers in cementitious materials is an issue for 
the long-term safety of radioactive waste disposal. The superplasticising mechanism is 
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that the polymer molecule binds to the cement particles and causes the particles to 
disperse. These organic substances may be leached into groundwater in contact with 
cementitious material and possibly affect radionuclide migration behaviour in the 
surrounding rock (Yamamoto et al., 2008). For example, the solubilities of Ni(II) and 
Eu(III) is significantly increased when a polycarboxylated poly-ether comb polymer 
(ADVA Cast 551) is used in the PC/BFS cement system (Young et al., 2010).  
 
To avoid this long term safety issue, an inorganic superplasticiser has been selected to 
improve the physical properties of the MgO/SF system. An inorganic phosphate salt, 
sodium hexametaphosphate (Na-HMP) or potassium hexametaphosphate (K-HMP), 
has been used in the MgO-microsilica system to improve the fluidity (Wei et al., 
2011). Therefore the effect of Na-HMP addition to the MgO/SF system has been 
investigated.  
 
The structure of Na-HMP, (NaPO3)6, is shown in Figure 6.2. It is widely used in soap 
manufacture, metal finishing, water treatment, detergents and plating (Dybing et al., 
1982; Moudgil et al., 2009). Na-HMP is also widely used as a deflocculant in the clay 
industry. It exerts a deﬂocculant action increasing the negative charge on the clay 
micelles being adsorbed as an anion, giving complexes with the ﬂocculant cations and 
substituting the cations in the double layer of the clay with Na+ ions (Manfredini et 
al., 1990). 
 
 
Figure 6.2: Formula of sodium hexametaphosphate. 
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Studies have also shown that Na-HMP can significantly reduce the adverse effect of 
serpentine on the flotation of pyrite and it allows serpentine to disperse in alkaline 
conditions and this improves the adsorption of xanthate on pyrite (Lu et al., 2010).  
 
6.2.1 Effect of adding Na-HMP on the MgO/SF binder 
 
Na-HMP in powder form (Fisher, UK) was added to the MgO/SF system to reduce the 
water content because it acts as a dispersing agent. 1 wt% (of total solid) of Na-HMP, 
was used as an initial trial content. It was initially dissolved in water and then mixed 
with the solid samples as described in section 4.3. To achieve similar consistency, the 
w/s ratio of 50% MgO/ 50% SF and 20% MgO/ 80% SF could be reduced to 0.5 and 
0.6 by using Na-HMP compared to 1.3 and 1.6 respectively for samples without 
Na-HMP.  The compressive strength properties are related to the w/s ratio and as 
shown in Table 6.1, the compressive strength of both samples increased due to the 
addition of 1 wt% of Na-HMP. 
 
Table 6.1: Compressive strength of selected MgO/SF samples with 1 wt% of Na-HMP 
(50 mm × 50 mm × 50 mm cubes). 
Sample description 
Compressive strength  (MPa) 
w/s ratio 7 days  28 days 
50% MgO/ 50% SF+1% Na-HMP 0.5 22.6 ± 2.0 34.0 ± 1.0 
20% MgO/ 80% SF+1% Na-HMP 0.6 19.2 ± 1.5 31.4 ± 1.2 
   
XRD data for samples of 50% MgO/ 50% SF and 20% MgO/ 80% SF with 1 wt% of 
Na-HMP after curing for 7 days and 28 days are compared with the starting MgO and 
SiO2 powders in Figure 6.3. Comparing with Figure 5.6, no brucite peaks are present 
in the 20% MgO/ 80% SF with 1 % Na-HMP after 7 days, whereas without Na-HMP, 
brucite disappears after only 28 days. This suggests that Na-HMP accelerates the 
hydration reaction. It is also clear that less brucite remain in the 50% MgO/ 50% SF 
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sample with Na-HMP after 7 and 28 days, although some MgO remains even after 28 
days.  
 
 
Figure 6.3: XRD pattern of the MgO/SF powder, 50% MgO/ 50% SF (M5S5) and 
20% MgO/ 80% SF (M2S8) samples with 1% Na-HMP after 7 days and 28 days. (B: brucite, 
M: Magnesium oxide, A: with 1wt% Na-HMP). 
 
6.2.2 Optimising the content of Na-HMP addition  
 
1 wt% of Na-HMP can reduce the w/s ratio and improve the compressive strength of 
the MgO/SF system from 1 MPa to 30 MPa, but the optimum content needs to be 
determined. A series of experiments were therefore completed to determine the 
optimum addition of Na-HMP to 40% MgO/ 60% SF samples. The MgO/SF ratio was 
chosen to match the Mg/Si ratio 1.0, which is consistent with the findings of Brew 
and Glasser (2005) who formed M-S-H gel with Mg/Si ratio between 0.67 and ~1.5. 
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Before preparing each sample, a certain amount of Na-HMP (0.025 g, 0.05 g, 0.075 g, 
0.1 g, 0.15 g, 0.2 g, 0.25 g, 0.3 g and 0.35 g) was dissolved in 10 g of water and 
40% MgO and 60% SF by weight were mixed as powder. During mixing of each 
sample, 40% MgO/ 60% SF powder was added into the solution in steps of 0.5 g and 
thoroughly hand mixed. The addition of powder was continued until the mixture was 
no-longer a paste. The total amount of powder sample addition into each sample was 
recorded and the w/s ratio and Na-HMP content calculated. As shown in Figure 6.4, a 
low w/s ratio of around 0.35 - 0.4 can be achieved with 0.9 – 1 wt% of Na-HMP. 
Further addition does not further reduce the water content, and therefore 1% of 
Na-HMP was considered as an optimal content.  
 
Figure 6.4: W/s ratio change with different Na-HMP/ solid addition on 40% MgO/ 60% SF 
samples. 
 
6.3 Effect of water/solid ratio on the MgO/SF system 
 
The role of water is important because the water to cement ratio is a critical factor in 
the production of cement pastes. Excess water reduces cement pastes strength, while 
too little will make the cement paste unworkable. Using 1 wt% of Na-HMP to reduce 
the w/s ratio, four w/s ratios (0.4, 0.5, 0.6 and 0.8) were selected to investigate the 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 
w
/s
 r
at
io
 
Na-HMP/solid (wt%) 
Chapter 6: Improvement of the MgO/silica fume systems                                                                                                                   
 113 
effect of different w/s ratio on compressive strength, hydration products and thermal 
properties of the 40% MgO/ 60% SF system. 
 
6.3.1 Compressive strength 
 
The original water content in the mixture dictates the rate of strength development and 
the ultimate strength of the cement pastes. The compressive strength of 
40% MgO/ 60% SF with 1% of Na-HMP was determined using four different w/s 
ratios (0.4, 0.5, 0.6 and 0.8) after 7, 14, 28 and 90 days. These tests used 
25 mm × 25 mm × 25 mm cubes as described in section 4.4.4.  
 
Figure 6.5 shows that the compressive strength of 40% MgO/ 60% SF samples 
increases with time for all w/s ratios which indicate the hydration is ongoing 
throughout the 90 days. Figure 6.5 also reveals that the compressive strength of 
40% MgO/ 60% SF samples is significantly increased as the w/s ratio is reduced.  
 
 
Figure 6.5: Compressive strength of 40% MgO/ 60% SF samples with 1% Na-HMP at 
different w/s ratio after 7, 14, 28 and 90 days. 
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The 28 days compressive strength of 40% MgO/ 60% SF samples with w/s 0.4 and 
w/s 0.5 is over 60 MPa, which is comparable to PC paste which is 56 MPa (w/s 0.35). 
The compressive strength of samples is relatively low when the w/s ratio is above 0.6, 
and the workability is limited if the w/s ratio is below 0.5. Therefore a w/s ratio of 0.5 
was chosen for further experiments using the 40% MgO/ 60% SF mix. This value 
gives high strength (> 60 MPa) while maintaining good fluidity during mixing the 
paste.  
 
6.3.2 Crystalline phase analysis by X-ray diffraction (XRD) 
 
The effect of different w/s ratios on the hydration products of 40% MgO/ 60% SF 
system was investigated by XRD. 40% MgO/ 60% SF samples with w/s ratio 0.4, 0.5, 
0.6 and 0.8 were prepared and cured in a relative humidity of more than 95% 
at 22±1
o
C. A small piece of each sample was ground into a powder and analysed 
using XRD after 7, 14, 28, 46, 90, 146 and 285 days as described in section 4.4.4.  
 
XRD from 40% MgO/ 60% SF samples with different w/s ratio (Figure 6.6 to 6.9) 
show that for different w/s ratios, due to the formation of M-S-H gel, two broad peaks 
at 2 ~35° and ~60° appear after 7 days and become more clearly defined with time. 
This indicates the main hydration product of the 40% MgO/ 60% SF system is M-S-H 
gel, and that this is not affected by the w/s ratio. 
 
As presented in Figure 6.6 and Figure 6.7, for 40% MgO/ 60% SF binder at w/s ratio 
0.4 and 0.5, both magnesium oxide and brucite peaks decrease with time. However, 
even after 285 days, significant amounts of unreacted MgO remain. Data for samples 
with a w/s ratio of 0.6 and 0.8 are shown in Figure 6.8 and Figure 6.9, and for these 
only poorly crystalline hydration products remain after 146 days and 90 days 
respectively.  
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Figure 6.6: XRD of 40% MgO/ 60% SF (1% Na-HMP) with w/s ratio 0.4 after 7, 14, 28, 46, 
90, 146 and 285 days.  (M: magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium 
silicate hydrate (M-S-H) gel). 
 
The XRD data of 40% MgO/ 60% SF sample with the lowest w/s ratio 0.4 is shown in 
Figure 6.6. MgO peaks are very strong due to the lack of water, and therefore the 
brucite peaks are weaker than for samples with higher w/s ratio.  
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Figure 6.7: XRD of 40% MgO/ 60% SF (1% Na-HMP) with w/s ratio 0.5 after 7, 14, 28, 46, 
90, 146 and 285 days.  (M: magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium 
silicate hydrate (M-S-H) gel). 
 
When the w/s ratio is 0.5 (Figure 6.7), brucite peaks are strong after 7 days which 
indicates there is sufficient water in the mix to form brucite. The brucite peaks 
decrease with time and disappear after 146 days which indicates that brucite reacts 
with SF and forms M-S-H gel. The MgO also decreases with time although some still 
remains after 285 days. 
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Figure 6.8: XRD of 40% MgO/ 60% SF (1% Na-HMP) with w/s ratio 0.6 after 7, 14, 28, 46, 
90, 146 and 285 days.  (M: magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium 
silicate hydrate (M-S-H) gel). 
 
XRD data shown in Figure 6.8 and Figure 6.9 is for 40% MgO/ 60% SF samples with 
a w/s ratio of 0.6 and 0.8. MgO and brucite decrease with time and disappear after 90 
days hydration. This indicates M-S-H is the main hydration product formed, for 
example after 146 days. MgO is clearly detected after 7 days of hydration in 
40% MgO/ 60% SF samples with w/s 0.6 and 0.8, which indicates that only some of 
the MgO reacts with water to form brucite if there is sufficient water in the mix. 
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Figure 6.9: XRD of 40% MgO/ 60% SF (1% Na-HMP) with w/s ratio 0.8 after 7, 14, 28, 46, 
90, 146 and 285 days.  (M: magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium 
silicate hydrate (M-S-H) gel). 
 
To investigate the long-term hydration product, Figure 6.10 compares the XRD data 
of 40% MgO/ 60% SF samples at different w/s ratios after 285 days. MgO was the 
main crystalline phase in 40% MgO/ 60% SF samples with w/s 0.4 and w/s 0.5. This 
indicates that brucite has reacted with SF to form M-S-H gel and because there is not 
enough water in the system, the remaining MgO cannot react with water to form 
brucite or react with SF to form M-S-H gel.  
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 Figure 6.10: XRD  of 40% MgO/ 60% SF (1% Na-HMP) with w/s ratio 0.4, 0.5, 0.6 and 0.8 
after 285 days.  (M: magnesium oxide (MgO); B: brucite (Mg(OH)2); *: magnesium silicate 
hydrate (M-S-H) gel). 
 
The XRD results in this section show that a w/s of 0.4 is too low for the initial 
hydration of the 40% MgO/ 60% SF system, and the compressive strength is 
relatively low (< 20 MPa) compared to other systems (>35 MPa) after 7 days when 
w/s is above 0.6. Therefore 0.5 was chosen as the optimum w/s ratio for the 
40% MgO/ 60% SF samples used in further experiments. 
 
6.3.3 Thermal analysis 
 
The XRD results in section 6.3.2 revealed the effect of different w/s ratio on the 
hydration products of 40% MgO/ 60% SF samples containing 1% Na-HMP. To 
further investigate and quantify the hydration products, TGA and DTA (as described 
in section 4.4.9) were used to measure the weight change of 40% MgO/ 60% SF 
samples (1% Na-HMP) with different w/s ratios as the temperature is increased. 
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Samples were heated to 1000
o
C at a heating rate of 10 
o
C/min. The sample weight 
used was in the range between 20 to 25 mg and the tests were performed under a 
nitrogen flow of 58 ml/min.  
 
For 40% MgO/ 60% SF samples, only w/s =0.5 and w/s = 0.8 are selected for TGA 
tests because these represent high or low water content mixes. The M-S-H gel 
prepared by Glasser’s chemical method was also analysed (Brew and Glasser, 2005). 
The TG-DTA curve of M-S-H gel is presented for reference in Figure 6.11, Figure 
6.12 and Figure 6.13. The TGA results of 40% MgO/ 60% SF with w/s = 0.5 and w/s 
= 0.8 after different curing times are shown in Figure 6.11 and Figure 6.12 
respectively.  
 
Figure 6.11 and Figure 6.12 show that at both low and high water content, an 
exothermic peak occurs between 100 °C and 200 °C in 40% MgO/ 60% SF samples at 
all ages. This is believed to be caused by the weight loss of pore water and water 
contained in M-S-H gel. An endothermic peak at around 850°C was observed in all 
40% MgO/ 60% SF samples and this increases with curing time. This confirmed that 
M-S-H was formed during the hydration and that hydration was ongoing during the 
test period. Both the exothermic and endothermic peaks were sharper in the 40% 
MgO/ 60% SF samples with higher water content (w/s= 0.8). This is consistent with 
the results in section 6.3.2 as more M-S-H gel was formed in samples with higher w/s 
ratio. Due to experimental variations in sample sizes and time delays before each test, 
the total weight loss was not consistent with hydration time.  
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Figure 6.11: TGA and DTA data of 40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.5 after 2, 
7, 14 and 23 days curing and compared with M-S-H gel. 
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Figure 6.12: TGA and DTA data of 40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.8 after 2, 
7, 14 and 23 days curing and compared with M-S-H gel. 
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The weight loss of samples at each stage and the total weight loss are summarised in 
Table 6.2. Three stages of weight loss are assumed:  
a)  20°C to 200°C, weight loss of pore water and water locked up in M-S-H gel; 
b) 200°C to 500°C, weight loss of water bonded to M-S-H gel and decomposition of 
brucite; 
c) 500°C to 1000°C, weight loss of hydroxyl groups in M-S-H gel. 
 
Table 6.2: Weight loss of 40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.5 and w/s 0.8 
compared with M-S-H gel when heated to 1000°C at 10 
o
C/min.  
Description 
Curing     
time 
Weight loss (% of original) 
  20°C-200°C 200°C -500°C 500°C -1000°C       Total 
M-S-H gel - 9.16 12.85 4.39 26.40 
40% MgO/ 
60% SF 
(w/s=0.5) 
2 d 23.72 2.97 0.49 27.18 
7 d      18.10 6.42      2.37 26.89 
14 d 19.47 8.06 2.95 30.48 
23 d 18.02 7.78 2.66 28.47 
40% MgO/ 
60% SF 
(w/s=0.8) 
2 d 32.96 3.25 0.61 36.82 
7 d 27.70 5.60 1.29 34.59 
14 d 28.89 6.75 2.20 37.84 
23 d 28.13 6.77 2.60 37.50 
 
Table 6.2 shows that, for both 40% MgO/ 60% SF samples with w/s 0.5 and w/s 0.8, 
the 500-1000°C weight loss is increasing with curing time. This matches with the 
exothermic peaks shown in the DTA curves around 850
o
C, which indicates the M-S-H 
gel is forming over the test period. However, there is only 0.49-0.61% of weight loss 
between 500°C to 1000°C in both samples after 2 days, which indicates the main 
formation of M-S-H gel is principally at later curing time (>2 days). The 20°C -
 200°C and 200°C - 500°C weight loss of both samples are stable after 7 days.  
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Figure 6.13: TGA and DTA data of 40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.8 after 
285 days curing and 24 h of drying at 105
o
C, compared with M-S-H gel. 
 
The TG-DTA curve of 40% MgO/ 60% SF with w/s = 0.8 after 285 days curing and 
24 hours of drying at 105
o
C  is compared with that of M-S-H gel in Figure 6.13. The 
total weight loss between 20°C and 1000°C is similar, but M-S-H gel has less weight 
loss between 20°C and 200°C. The weight between 500°C and 1000°C is 
approximately the same as the weight loss of pure M-S-H gel. XRD also shows only 
the presence of M-S-H gel in this sample in Figure 6.9.  
 
Based on the three stage weight loss assumptions and the 285 days TGA data, a 
formula of M-S-H gel formed can be calculated as Mg8Si8O20(OH)8∙12H2O. The 
reaction is shown in Eq. 6.1.  
OHOHOSiMOHSiOMgO 28208822 12)(1688             
Eq. 6.1 
According to this equation, a minimum w/s ratio of 0.36 is required to react with the 
40% MgO/ 60% SF sample to form M-S-H gel. The weight loss observed indicates 
that 9 of the 12 waters are lost more readily than the remaining 3. A similar difference 
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in water bonding is known to occur in crystalline hydrated sepiolite (Frost et al., 
2009). The three stage weight loss of M-S-H gel, based on 285 days data, is shown in 
Figure 6.14. 
 
  
Figure 6.14: TGA data of a cement sample with no sand addition and a w/c ratio of 0.8 after 
285 days of curing and 24 h of drying at 105 °C.  
 
 
Figure 6.15: XRD  of 40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.5 after 28 days curing 
and 2 h of heating at 1100
oC (∆:MgSiO3). 
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Figure 6.16: SEM-EDS results of 40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.5 after 28 
days curing and 2 h of heating at 1100
oC. 
 
The XRD data in Figure 6.15 confirms that MgSiO3 was the only product left when 
40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.5 was heated for 2 hours at 1100
o
C 
which suggests the weight loss was caused by losing of water. The results in Figure 
6.16 show that the Mg/Si ratio is 0.97 after heating at 1000
o
C, which is close to the 
original Mg/Si ratio (0.99) in 40% MgO/ 60% SF. 
 
The weight loss between 500
o
C and 1000
o
C is due to the loss of hydroxyl groups 
from M-S-H gel. It can therefore be hypothesised that pure M-S-H gel was part of the 
hydration products of 40% MgO/ 60% SF. The weight loss between 200°C and 500°C 
is consisting of water bonded to M-S-H gel and decomposition of brucite. Because the 
weight loss of M-S-H gel between 200
o
C and 500
o
C can be calculated from the 
weight loss of M-S-H gel between 500
o
C and 1000
o
C, the weight loss due to the 
decomposition of brucite can be calculated. The remaining Mg atoms remain in MgO. 
The fraction of Mg in M-S-H gel, brucite and MgO from 40% MgO/ 60% SF samples 
with w/s 0.5 and w/s 0.8 can be calculated from the data in Table 6.2 and the results 
are shown in Figure 6.17 and Figure 6.18 respectively. 
Element Weight% Atomic% 
O 45.97 58.24 
Mg 24.64 20.55 
Si 29.39 21.21 
Total 100.00 100.00 
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Figure 6.17: Fraction of Mg atoms in different phases in 40% MgO/ 60% SF (1%Na-HMP) 
samples with w/s = 0.5 over time of curing.  
 
 
Figure 6.18: Fraction of Mg atoms in different phases in 40% MgO/ 60% SF (1%Na-HMP) 
samples with w/s = 0.8 over time of curing. 
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Figure 6.17 and Figure 6.18 show that M-S-H forms more slowly in 
40% MgO/ 60% SF with w/s 0.8 compared to w/s 0.5 but these samples still achieve 
similar values after 23 days. More brucite is formed in 40% MgO/ 60% SF with w/s 
0.8 after early curing due to the higher amount of water available in the system. MgO 
decreases with curing time while brucite remains at a similar level after 2 days.  
 
The TG results represented in this section quantified the hydration products of 
40% MgO/ 60% SF system with w/s 0.5 and w/s 0.8 after 2, 7, 14 and 23 days curing. 
For both w/s ratios, approximately 60-70% of Mg atoms are in M-S-H gel phase after 
23 days which confirms that M-S-H gel is the main hydration product of the 
40% MgO/ 60% SF samples.  
 
6.4 Effect of using filler to minimise the shrinkage 
 
Cracks were observed when the 40% MgO/ 60% SF samples (1% Na-HMP) with w/s 
ratio 0.5 dried. This drying cracking is believed to be caused when unbound water 
evaporates from the binder. The dimensional stability issues will affect the durability 
of the system. Addition of fine sand as inert filler has been reported to improve the 
dimensional stability of concrete, by diluting the shrinkage strain when the gel dries 
(Celen et al., 2007).  
 
Trial experiments showed that adding as-received fine sand (RH110, Sibelco) reduced 
the dimensional changes due to drying sufficiently to avoid drying cracking of 
40% MgO/ 60% SF samples. Therefore the further work reported in this section was 
carried out to characterise the drying shrinkage and investigate how addition of fine 
sand modifies the dimensional stability of samples. 
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6.4.1 Characterising the drying shrinkage of MgO/SF system with addition of 
sand 
 
A range of mortars based on 40% MgO/ 60% SF with different sand contents and 
water to binder (w/b) ratios were prepared as detailed in Table 6.3. In all samples 
1 wt% of Na-HMP was added as a dispersant. Samples were cast in steel moulds 
(10 mm × 10 mm × 60 mm), removed from the moulds after 24 hours, and allowed to 
cure further in a closed box with excess water at the bottom to minimize drying of the 
samples. 
 
Drying shrinkage was determined after 1 or 2 days depending on the solidity of the 
sample, and then after 7, 14 and 28 days of curing by heating the samples rapidly 
(20 °C/min) to 200 °C in a dilatometer, with the sample length continuously 
monitored. The maximum temperature was chosen because as shown in Table 6.2, at 
such a high heating rate, loosely bound water only leaves the structure if heating is 
continued to 200 °C. 
 
Table 6.3: Mortar formulations (with 1% Na-HMP) (w/b : water to MgO/SF binder ratio, SF: 
silica fume, AS: as-received sand). 
No. 
MgO/SF 
wt% 
Sand 
wt% 
w/b 
ratio 
MgO 
g 
SF 
g 
AS 
g 
water 
g 
1 100 0 0.5 40 60 0 50 
2 80 20 0.5 40 60 25 50 
3 60 40 0.5 40 60 67 50 
4 40 60 0.5 40 60 150 50 
5 100 0 0.8 40 60 0 80 
6 80 20 0.8 40 60 25 80 
7 60 40 0.8 40 60 67 80 
8 40 60 0.8 40 60 150 80 
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Figure 6.19 illustrates how the length of the samples changes during heating. 
Although the temperature was programmed to rise to 200 °C, a small overshoot 
occurred leading to temperatures of ~230 °C being reached. It is clear that the samples 
start shrinking around 85 °C and that shrinkage appears to occur in 2 temperature 
ranges. The first one is largely completed by 165 °C and the second one starts at about 
200 °C. 
 
 
Figure 6.19: Examples of the changes in length observed during heating for a mortar with 
40 wt% sand and a w/b ratio of 0.8 after 1 day of curing. 
 
The total shrinkage after 7 days curing is shown in Figure 6.20 as a function of the 
volume fraction sand added to the samples. The volume fraction was calculated from 
the density data of raw materials shown in Table 4.1. The drying shrinkage of samples 
without sand is very high, but a drying shrinkage of 0.16% as observed for the sample 
with 60 wt% sand and a water to cement ratio of 0.5, and this is of the same order of 
magnitude as observed for Portland cement mortars and concretes. There is no data 
available for shrinkage with 0% sand because these samples cracked. As in previous 
work using other mortars and concretes, adding sand, which does not shrink when the 
mortar is dried, reduces drying shrinkage, and mortars with higher water contents 
show increased shrinkage compared to mortars with less water for the same volume 
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fraction of sand addition (Cebeci et al., 1989; Toledo et al., 2005; Videla and Aguilar, 
2006). 
 
 
Figure 6.20: Drying shrinkage observed during drying by heating to 200 °C as a function of 
the volume fraction sand in mortars with a w/b ratio of 0.5 and 0.8 after 7 days of curing. 
 
The higher shrinkage for mortars with a higher water to binder ratio is in agreement 
with what is normally observed for cements and concretes (Neville, 1973). The 
observation that adding more sand reduces the shrinkage can be easily understood 
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because the sand is not involved in the hydration reactions and does not shrink during 
drying.  
 
6.4.2 Optimising the filler type and content in MgO/SF system 
 
As shown in 6.4.1, for the 40% MgO/ 60% SF mortar with w/b ratio of 0.5, addition 
of 60 wt% sand can reduce the drying shrinkage to 0.16%. To further investigate how 
addition of fine sand modifies the dimensional stability of 40% MgO/ 60% SF system, 
a range of mortars based on 40% MgO/ 60% SF with different sand contents and 
water to binder (w/b) ratios were prepared as detailed in Table 6.4. In all samples 
1 wt% of Na-HMP was added as a dispersant. Samples were cast in steel moulds 
(10 mm × 10 mm × 60 mm), removed from the moulds after 24 hours, and then cured 
at relative humidity of more than 95% at 22±1 
o
C. The length change method (see 
section 4.4.10) was used to measure the shrinkage. As-received sand (AS) with mean 
particle size 176 μm and milled sand (MS) with mean particle size 51.3 μm were 
added to the cement at levels of 50%, 60%, 70% and 75% by weight. The w/b ratio 
was kept constant at 0.5.  
 
Table 6.4: Mortar formulations (SF: silica fume, AS: as-received sand, MS: milled sand). 
 
Binder 
description 
Filler type 
Mean 
particle 
size (μm) 
Filler 
content* 
w/b 
ratio 
a 
40% MgO/ 
 60% SF 
MS 51.3 50% 0.5 
b 
40% MgO/ 
 60% SF 
MS 51.3 60% 0.5 
c 
40% MgO/ 
 60% SF 
MS 51.3 70% 0.5 
d 
40% MgO/ 
 60% SF 
AS 176 50% 0.5 
e 
40% MgO/ 
 60% SF 
AS 176 60% 0.5 
f 
40% MgO/ 
 60% SF 
AS 176 70% 0.5 
* Weight percent of filler in the dry raw materials. 
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Figure 6.21: Hydration shrinkage (length change between 1 and 90 days) of 40% MgO/ 60% 
SF mortar with sand addition (MS: milled sand, AS: as-received sand). 
 
The results of 1 to 90 days length difference of 40% MgO/ 60% SF mortar with 
different amount of sand addition are presented in Figure 6.21. With the same type of 
sand and water content, the shrinkage of mortar decreases as the sand content 
increases. Milled sand has smaller particle size and can fill into small voids more 
efficiently than the raw sand. As a result MS controls the length change of 40% MgO/ 
60% SF mortar more efficiently than AS when the sand content is 50 wt% or 60 wt%. 
The shrinkage of 40% MgO/ 60% SF mortar with both types of sand is similar, at 
around 0.1% when the sand content is 70 wt%.  
 
 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
0.17 
0.18 
0.19 
40% 45% 50% 55% 60% 65% 70% 75% 
S
h
ri
n
k
a
g
e 
(%
) 
Sand (wt%) 
MS AS 
Chapter 6: Improvement of the MgO/silica fume systems                                                                                                                   
 134 
 
Figure 6.22: Drying shrinkage (105
o
C, 24 hours) of 40% MgO/ 60% SF mortar with sand 
addition after 28 days (MS: milled sand, AS: as-received sand). 
 
Figure 6.22 shows that the drying shrinkage of 40% MgO/ 60% SF mortar decreases 
when the sand content increases. However, the drying shrinkage of 40% MgO/ 60% 
SF mortar is lower with addition of AS compared to MS. This indicates more water 
was lost during drying in 40% MgO/ 60% SF mortar with MS.  
 
The microstructure of 20% MgO/ 30% SF/ 50% MS with 1% Na-HMP was 
examined. The sample was polished to a 1μm surface finish, dried at 105oC for 24 
hours and gold coated before being examined in the SEM. As shown in Figure 6.23, 
the sand particles are homogeneously distributed in the MgO/SF binder. Because the 
sample surface has been dried several times during the polishing, some micro-surface 
cracks were observed.  
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Figure 6.23: SEM images of binder 20% MgO/ 30% SF/ 50% MS (1% Na-HMP) with 
w/s=0.25 after 28 days.  
 
The addition of sand reduces the shrinkage of 40% MgO/ 60% SF mortar to a low 
level (0.11%). Less shrinkage can be achieved with more sand addition. However, the 
fluidity of the mortar is very low when the sand content is over 60 wt%, so 50 wt% of 
sand was chosen as filler in 40% MgO/ 60% SF mortar.  
 
Adding sand reduces the buffering capacity of the binder as less of the pH controlling 
phases brucite and M-S-H gel are present per unit volume. Therefore experiment to 
control the pH of the 40% MgO/ 60% SF mortar are  reported in the next section.  
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6.5 Effect of adding MgCO3 to reduce the initial pH 
6.5.1 The requirement to reduce the early pH 
 
pH 10 can be achieved in 40% MgO/ 60% SF samples by experimental methods and 
modelling after 28 days as shown in Figure 5.19. However the water content had to be 
high to make the suspensions in the samples reported in the previous chapter. To 
investigate the effect of w/s ratio on 40% MgO/ 60% SF samples, the pH of the 
samples prepared in section 6.3.1 was measured. As shown in Figure 6.24, the w/s 
ratio affects the pH of the 40% MgO/ 60% SF samples. The pH of the system reduces 
when the w/s ratio increases, which indicates the water content is important during 
early stage hydration.  
 
Figure 6.24 shows that only the sample with w/s ratio of 0.8 after 28 days can give a 
pH around 10, but as shown in Figure 6.5, the compressive strength of this sample is 
relatively low. For all four w/s ratios used, the 7 days pH of 40% MgO/ 60% SF 
sample is around 11, which is higher than the pH required to cause Al corrosion. 
Therefore a method for further reducing the pH is required. 
 
Figure 6.24: pH of 40% MgO/ 60% SF samples with 1% Na-HMP at different w/s ratio after 
7, 14, 28 and 90 days. 
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6.5.2 Effect of MgCO3 addition on pH of the MgO/SF system 
 
To reduce the initial pH, a cement component capable of buffering or controlling the 
pH in the early stages of the reaction was needed. The bicarbonate buffering system is 
widely used in many different processes. For example, it is one of the major buffering 
systems used to maintain the pH of mammalian blood (Arora et al., 1983). As a 
buffer, it tends to maintain a relatively constant plasma pH.  
 
In the MgO/SF samples, the Mg cation was already in the system. MgCO3 was 
selected as an addition to control the initial pH. To investigate the effect of MgCO3 
addition on the Mg/SF system, Visual MINQEQA2 was used to model the pH as 
described in section 4.5. Calculations of the total dissolved Mg concentration in 
equilibrium with a number of phases as a function of pH, revealed that at high pH, 
magnesium carbonate (MgCO3) is more soluble than magnesium hydroxide as shown 
in Figure 6.25. Therefore, in the absence of a soluble silica source, the following 
reactions can be expected at pH values in excess of 10.2. This pH is at the intersection 
point between the magnesium hydroxide and magnesium carbonate line (point “a”) in 
Figure 6.25: 
                                  
  23
2
3 COMgMgCO                                  (Eq. 6.2) 
                                        2
2 )(2 OHMgOHMg    (Eq. 6.3) 
This reduces the pH. Conversely, when the pH becomes lower than 10.2, the 
solubility of brucite increases and dissolution occurs according to: 
                                           OHMgOHMg 2)( 22                              (Eq. 6.4) 
and the pH will increase again.  
 
Therefore, addition of magnesium carbonate has the potential to control the pH. In the 
presence of soluble silica, hydrated magnesium silicates will form. In the presence of 
excess silica, the pH at which the system buffers could potentially be lowered to 
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points b or b’ shown in Figure 6.25. However, this lower pH value will only be 
reached once all the brucite (Mg(OH)2) has been consumed. In the early stages brucite 
is always present because the hydration of the MgO powder is rapid relative to the 
dissolution of Si from silica fume.  
 
 
Figure 6.25: The total magnesium concentration in solution as a function of pH for 
equilibrium with a range of phases that can be present in the cement during hydration. 
 
10% of MgCO3 was added as a trial amount in the 40% MgO/ 60% SF mix and in 
agreement with these calculations, the early pH was reduced to 10.5. An addition of 
10% MgCO3 could control the early pH to around 10.5, and the 40% MgO/ 50% SF 
sample with the Mg/Si ratio of 1.2 still lies in the M-S-H gel (Mg/Si = 0.67-1.5) 
range. Therefore, 40% MgO/ 10% MgCO3/ 50% SF was selected as the standard 
composition in further experiments. The pH results of the MgO/SF system with 
MgCO3 addition are reported in the next chapter. 
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6.6 Discussion 
 
As shown in Figure 5.4, the binary MgO/SF system provides a low pH at around 10 
after 7 and 14 days, but the compressive strength of this system is too low to meet the 
requirements as discussed in 5.3.1. Na-HMP was used as a dispersing agent to lower 
the water content, and Table 6.1 showed that for both 50% MgO/ 50% SF and 
20% MgO/ 80% SF systems, the compressive strength is dramatically increased to a 
level similar to that achieved in PC paste. Because the widely used organic 
superplasticisers may be leached into groundwater in contact with cementitious 
material and possibly affect radionuclide migration behaviour in the surrounding rock, 
Na-HMP has the advantage to avoid this long term safety issue as it is an inorganic 
superplasticiser. Therefore, Na-HMP is chosen as an effective additive which can 
improve the properties of MgO/SF system by reducing the required water addition.  
 
Comparing the XRD results in Figure 5.6 and Figure 6.3 shows that 1% of Na-HMP 
also accelerates hydration reactions. To optimise the percentage of Na-HMP addition, 
different amounts were investigated and 0.9 - 1.0% of Na-HMP results in the lowest 
w/s ratio of around 0.35 while maintaining good flow properties which is similar to 
the standard w/s ratio for PC.  
 
The effect of the w/s ratio on the properties of the MgO/SF binder was studied and 
four different w/s ratios were selected (0.4, 0.5, 0.6 and 0.8). In line with other cement 
systems (PC), the compressive strength of the MgO/SF samples is increased when the 
w/s ratio is decreased. The pH of the system reduces when the w/s ratio increases, 
which indicates low water contents give rise to higher pH values during the early 
stage hydration. No crystalline phases were found in the 40% MgO/ 60% SF samples 
with w/s ratio 0.6 and 0.8 after 146 days hydration, whereas MgO and brucite 
remained in samples made with lower water contents. Therefore, full reaction to form 
pure M-S-H gel requires a water content of at least w/s ratio ~0.6. 
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Based on the 285 days TGA data of 40% MgO/ 60% SF sample with w/s 0.8, a 
formula of M-S-H gel formed can be calculated as Mg8Si8O20(OH)8∙12H2O. The 
weight loss observed indicates that 9 of the 12 waters are lost more readily than the 
remaining 3. A similar difference in water bonding is known to occur in crystalline 
hydrated sepiolite. This indicates the M-S-H gel formed in this research may have a 
similar structure to sepiolite. The XRD data in Figure 6.15 confirms that MgSiO3 was 
the only product left when 40% MgO/ 60% SF (1%Na-HMP) with w/s = 0.5 was 
heated for 2 hours at 1000
o
C which suggests the weight loss was caused by losing of 
water. The results in Figure 6.16 show that the Mg/Si ratio is 0.97 after heating at 
1000
o
C, which is close to the original Mg/Si ratio (0.99) in 40% MgO/ 60% SF. 
Because the sample was examined on the fracture surface, the atomic results were not 
accurate. 
 
Cracks were observed when the 40% MgO/ 60% SF samples with w/s ratio 0.5 were 
dried. This shrinkage is caused by the strains that develop when the material at the 
outside dries and shrinks while the sample core has not started drying. AS and MS 
were added to the binder as a filler to avoid the cracking problem because sand does 
not shrink during sample drying. Adding inert filler reduces the drying shrinkage 
strain and therefore the transient stresses during drying. The results showed that lower 
particle size and higher content of filler works effectively to reduce shrinkage. To 
keep a lower w/s ratio and good flowablity, 50% of sand (MS or a mix of AS and MS) 
was used as the filler addition. 
 
The initial pH of the system is a critical parameter for encapsulation of Al. To further 
reduce and control the early pH of the MgO/SF system, MgCO3 was added. MgCO3 
reduces the pH as it dissolves and causes brucite precipitation when the pH rises 
above pH~10. 10% MgCO3 is efficient at limiting the early pH to 10.5. Because 40% 
MgO/ 50% SF sample with a Mg/Si ratio 1.2 still lies in the M-S-H gel (Mg/Si = 
0.67-1.5) range, 40% MgO/ 10% MgCO3/ 50% SF was selected as the standard binder 
composition. 
Chapter 6: Improvement of the MgO/silica fume systems                                                                                                                   
 141 
 
6.7 Conclusions 
 
Addition of 1 wt% of Na-HMP reduces the water required for MgO/SF system and 
improves the compressive strength dramatically. The addition of MgCO3 reduces the 
initial pH and addition of sand can minimise shrinkage of the MgO/SF system. 
Therefore an optimal MgO/SF system should contain Na-HMP, MgCO3 and sand as 
key additions.  
 
Based on the results presented in this chapter, two improved MgO/SF mortar systems 
were selected for further research. These were: 20% MgO/ 5% MgCO3/ 25% SF/ 
50% MS and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS, both with 1% 
Na-HMP addition. The physical, chemical and mechanical properties of them are 
compared with the 25% PC/ 75% BFS control system used for waste encapsulation in 
the nuclear industry in the next chapter.  
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7. Characterisation of the optimised MgO/ silica fume systems and 
the PC/BFS control system 
 
7.1 Introduction 
 
Based on the findings in Chapter 6, the 40% MgO/ 60% SF system can be improved 
by a) addition of Na-HMP to reduce the water content and improve the compressive 
strength, b) addition of MgCO3 to reduces the initial pH and c) addition of sand to 
reduce the shrinkage. To investigate the properties of the improved MgO/SF system, 
two samples were chosen for physical and chemical characterisation. Both of the 
samples consist of 20% MgO, 5% MgCO3, 25% SF (1% Na-HMP) and 50% sand by 
weight, but one contains 50% MS and the other contains 25% AS and 25% MS. The 
reason for using 25% AS and 25% MS is that less water is needed to prepare the mix 
compared with using 50% MS. The w/s ratio for 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS and 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS containing 1 wt% 
Na-HMP are 0.275 and 0.325 respectively to give similar consistency. The composite 
cement (25% PC/ 75% BFS, w/s=0.33) which is used in the nuclear industry for ILW 
encapsulation was used as the control sample. 
 
These three cement systems were characterised by determining the following 
physical, chemical and mechanical properties: 
 
 pH, density and setting time; 
 Compressive and flexural strength; 
 Hydration product phases;  
 Microstructure of hydration product; 
 Heat evolution during hydration; 
 Shrinkage and acid resistance. 
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7.2 Characterisation of the optimised MgO/ silica fume systems and the 
control system 
 
7.2.1 pH, density and setting time 
 
The pH of the two MgO/SF mortars and the control sample were tested at 7, 14, 28 
and 90 days after preparation according to the method described in 4.4.1. The pH of 
the control sample (Figure 7.1) was stable and relatively high at around 12.5 during 
the test period, which is in agreement with other results as discussed in 2.5.2. Both of 
the MgO/SF samples have early pH around 10.6-10.7 at 7 days and later pH around 
9.5 at 90 days. The pH decreases because the high pH dominant component Mg(OH)2 
was consumed over time to form M-S-H gel. The pH of the MgO/SF sample with 
50% MS is slight lower than the one with 25% AS/ 25% MS. This agrees with earlier 
results in Figure 6.24 that the pH of the system reduces when the w/s ratio is 
increased. 
 
 
Figure 7.1: pH of 25% PC/ 75% BFS (w/s = 0.35), 20% MgO/5% MgCO3/ 25% SF/ 50% MS 
(1% Na-HMP, w/s = 0.325) and the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% 
Na-HMP, w/s = 0.275) samples after 7, 14, 28 and 90 days.  
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The density of these three systems was determined after 7, 14, 28 and 90 days 
according to the Archimedes' Principle as described in section 4.4.2. The results are 
shown in Figure 7.2, and the 90 days density of all three samples is similar at around 
1.6 - 1.7 g/cm
3
. The density of MgO/SF samples with 50% MS is lower than MgO/SF 
samples with 25% AS/ 25% SF at 7 and 14 days, and then increases to a similar level 
at 28 days. This might be because more water is lost over time from the MgO/SF 
sample with only MS. 
 
 
Figure 7.2: Density of 25% PC/ 75% BFS (w/s = 0.35), 20% MgO/5% MgCO3/ 25% SF/ 
50% MS (1% Na-HMP, w/s = 0.325) and the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 
25% MS (1% Na-HMP, w/s = 0.275) samples after 7, 14, 28 and 90 days. 
 
An automatic Vicat setting time equipment was used to measure the setting behaviour 
of the samples, as described in 4.4.3. For the control sample, the initial and final 
setting times are 3.5 and 5 hours respectively as shown previously in Table 5.1. For 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS sample, the initial setting time is 
7.5 hours and the final setting time is 10 hours.  For the sample with 50% MS and 
slightly higher water content, the initial setting time and final setting time are 13.5 
hours and 18.5 hours respectively. Although both MgO/SF samples have longer 
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setting time compared to the control sample, they meet the final setting time 
requirement (between 6 and 24 hours) for ILW encapsulation defined by the nuclear 
industry (Cau Dit Coumes et al., 2009).  
 
7.2.2 Unconfined compressive strength and flexural strength  
 
The compressive strength of the control composite cement (25% PC/ 75% BFS), 20% 
MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar and the 20% MgO/ 5% MgCO3/ 25% 
SF/ 25% AS/ 25% MS mortar were tested at 7, 14, 28 and 90 days. As shown in 
Figure 7.3, the 28 day compressive strength of all samples is above 30 MPa, which is 
higher than required strength for ILW encapsulation (>5 MPa). The MgO/SF sample 
with 50% MS has lower strength compared to the control sample. The MgO/SF 
sample with 25% AS and 25% MS has a similar compressive strength to the control 
sample, and after 90 days curing, this mix achieves higher compressive strength than 
the control sample at around 80 MPa. The continued strength gain indicates the 
hydration of this system is relatively slow and is not complete within 28 days. 
 
 
Figure 7.3: Compressive strength of 25% PC/ 75% BFS (w/s = 0.35), 20% MgO/5% MgCO3/ 
25% SF/ 50% MS (1% Na-HMP, w/s = 0.325) and the 20% MgO/ 5% MgCO3/ 25% SF/ 25% 
AS/ 25% MS (1% Na-HMP, w/s = 0.275) samples at 7, 14, 28 and 90 days. 
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The flexural strength of the control composite cement (25% PC/ 75% BFS), 
20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar and the 20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS mortar were tested using a three-point flexural strength 
test method (section 4.4.5) at 7, 14, 28 and 90 days. The flexural strength of all three 
samples is stable over the test period as shown in Figure 7.4. The flexural strength of 
MgO/SF sample with 50% MS is lower than the control sample (25% PC/ 75% BFS), 
and the flexural strength of MgO/SF sample with 25% AS/ 25% MS is almost the 
same as the control PC/BFS sample at around 7 MPa at both 28 and 90 days. For all 
three systems, the flexural strength after 90 days is approximately 10% of the 
compressive strength at the same age, which is typical of the behaviour of concrete 
(ACI, 2008). 
 
 
Figure 7.4: Flexural strength of 25% PC/ 75% BFS (w/s = 0.35), 20% MgO/5% MgCO3/ 25% 
SF/ 50% MS (1% Na-HMP, w/s = 0.325) and the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 
25% MS (1% Na-HMP, w/s = 0.275) samples at 7, 14, 28 and 90 days. 
 
 
7.2.3 Crystalline phase analysis by X-ray diffraction (XRD) 
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The hydration products of the three systems were investigated by XRD. XRD from 
25% PC/ 75% BFS, 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS and the 20% MgO/ 
5% MgCO3/ 25% SF/ 25% AS/ 25% MS samples after 7, 14, 28 and 90 days are 
shown in Figure 7.5 to Figure 7.7. 
 
The main crystalline phases present in the control sample are calcium hydroxide  
(Ca(OH)2), belite (Ca2SiO4), ettringite (Ca6Al2(OH)12(SO4)3∙26H2O) and gehlenite  
(Ca2Al(Al,Si)O7). The amount of all these products is stable over the test period (7- 
90 days) which indicates the hydration products of the control BFS/PC sample were 
mainly formed within the first 7 days.  
 
 
Figure 7.5: XRD of 25%PC/75%BFS with w/s ratio 0.35 after 7, 14, 28 and 90 days.  (CH,  
calcium  hydroxide  (Ca(OH)2); Ba, belite (Ca2SiO4); E,  ettringite 
(Ca6Al2(OH)12(SO4)3∙26H2O); G,  gehlenite  (Ca2Al(Al,Si)O7)). 
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Figure 7.6 and Figure 7.7 reveal little difference between the MgO/SF samples with 
50% MS and 25% AS/ 25% MS. This is not a surprise because the sand as filler 
which should not affect the chemical composition of the hydration products. The main 
crystalline phases detected are quartz and brucite in both MgO/SF samples, with the 
amount of brucite decreasing over time as it reacts with SiO2 from the SF to form M-
S-H gel. The brucite peaks almost disappear after 90 days which indicates the 
hydration reaction is likely to be complete by this time. No carbonate peaks can be 
detected due to the relatively small addition and the carbonate peaks also overlap with 
those from brucite. 
 
 
Figure 7.6: XRD of 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS (1% Na-HMP) mortar with 
w/s ratio 0.325 after 7, 14, 28 and 90 days.  (B: brucite (Mg(OH)2); Q: quartz (SiO2); *: 
magnesium silicate hydrate (M-S-H) gel). 
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Figure 7.7: XRD of 20% MgO/ 5%  MgCO3/ 25% SF/ 25% MS/ 25% AS (1% Na-HMP) with 
w/s ratio 0.55 after 7, 14, 28 and 90 days.  (B: brucite (Mg(OH)2); Q: quartz (SiO2); *: 
magnesium silicate hydrate (M-S-H) gel). 
 
7.2.4 Heat generation during the early hydration 
 
The heat evolution during the early stage hydration of cement systems is an important 
parameter in nuclear waste encapsulation. If excess heat is generated during the 
hydration, the temperature rise in the cement matrix may cause cracking and lead to 
failure of the wasteform.  
 
The heat generation during the early hydration of 25% PC/ 75% BFS, 
20% MgO/ 5% MgCO3/ 25% SF/ 50% MS and the 20% MgO/ 5 % MgCO3/ 25% SF/ 
25% AS/ 25% MS samples was monitored by isothermal conduction calorimetry, as 
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described in 4.4.11. The results are presented in Figure 7.8, Figure 7.9 and Figure 
7.10.  
 
The rate of the heat evolution during the early hydration of 25% PC/ 75% BFS has a 
broad peak between 2 and 15 hours. The total heat of the first 24 hours hydration is 
around 49.6 kJ/kg and is much lower than for PC which is around 300 kJ/kg (Taylor, 
1997). This is because a large percentage of PC has been replaced by BFS, which is 
pozzolanic and reacts more slowly. 
 
 
Figure 7.8: Rate and total of heat evolution during the hydration of binder 25% PC/ 75% BFS 
with w/s ratio 0.35. 
 
The peak of hydration heat rate of 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar 
and the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS mortar is at 90 hours. 
The total heat evolution during the 180 hours test time of 20% MgO/ 5% MgCO3/ 
25% SF/ 50% MS mortar and the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/25% MS 
mortar samples are 68 kJ/kg and 121 kJ/kg respectively. Both are lower than the 
control PC/BFS sample (131 kJ/kg).   
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Figure 7.9: Rate and total of heat evolution during the hydration of 20% MgO/ 5% MgCO3/ 
25% SF/ 50% MS (1% Na-HMP) mortar with w/s ratio 0.325. 
 
 
Figure 7.10: Rate and total of heat evolution during the hydration of 20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS (1% Na-HMP) mortar with w/s ratio 0.275. 
 
During the first 24 hours of hydration, the total heat generation of 
20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar and the 20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS mortar samples are 4.9 kJ/kg and 6.3 kJ/kg. These are 
0 
30 
60 
90 
120 
150 
0 
0.5 
1 
1.5 
2 
2.5 
3 
0 20 40 60 80 100 120 140 160 180 
To
ta
l h
ea
t 
ev
o
lv
ed
 (
kJ
/k
g)
 
R
at
e 
o
f 
h
ea
t 
ev
o
lu
ti
o
n
 (
W
/k
g)
 
Hydration time (h) 
0 
30 
60 
90 
120 
150 
0 
0.5 
1 
1.5 
2 
2.5 
3 
0 20 40 60 80 100 120 140 160 180 
To
ta
l h
ea
t 
ev
o
lv
ed
 (
kJ
/k
g)
 
R
at
e 
o
f 
h
ea
t 
ev
o
lu
ti
o
n
 (
W
/k
g)
 
Hydration time (h) 
Chapter 7: Characterisation of the optimised MgO/SF system and the PC/BFS control system                                                                                                                  
 152 
low and indicate the hydration during the first 24 hours is very slow. These values are 
much lower than the control 25% PC/ 75% BFS sample which had a total heat 
evolved of 49.6 kJ/kg after 24 hours. More heat has been generated during the 
hydration of MgO/SF sample with a mixture of MS and AS compared to MS only. It 
is suggested that this is due to the higher w/s ratio in the later system. 
 
7.2.5 Shrinkage test 
 
To investigate the dimensional stability of the MgO/SF and BFS/PC systems, the 
shrinkage of the three samples over 90 days hydration was evaluated according to 
section 4.4.10. The results are shown in Table 7.1.  
 
Table 7.1: Shrinkage of 25%PC/75%BFS, 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar 
(1% Na-HMP, w/s = 0.325) and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS mortar 
(1% Na-HMP, w/s = 0.275) over 90 days hydration.  
Binder description w/s ratio 
7-28 days  
length  
 difference (%) 
7-90 days 
length 
difference (%) 
25%PC/75%BFS  0.35 0.038 ± 0.005 0.039 ± 0.005 
20% MgO/ 5% MgCO3/  
25% SF/ 50% MS  
0.325 0.206 ± 0.015 0.308 ± 0.033 
20% MgO/ 5% MgCO3/ 
 25% SF/ 25% AS/ 25% MS  
0.275 0.308 ± 0.021 0.349 ± 0.035 
 
Table 7.1 shows that compared to the control PC/BFS samples, both 20% MgO/ 
5% MgCO3/ 25% SF/ 50% MS mortar and the 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS mortar have higher shrinkage during hydration. MgO/SF samples 
with a mixture of MS and AS has a higher shrinkage. This is in agreement with the 
results shown in Figure 6.21. MS works more efficiently to control the length change 
during curing. As shown in Figure 6.21, a similar length change to the control system 
can only be achieved by using more than 70 wt% of sand as filler in MgO/SF systems.    
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7.2.6 Acid resistance  
 
Because the cement designed for nuclear waste encapsulation is for long term 
underground disposal, chemical resistance is an important characteristic. The acid 
resistance of optimised samples and control PC samples were determined according to 
the method BS EN 1344: 2002 as described in section 4.4.12. The acid resistance of 
25% PC/ 75% BFS, 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar and the 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS mortar were tested by boiling in 
sulphuric and nitric acid (75 ml of 10% sulphuric acid and 25 ml of 10% nitric acid) 
for 1 hour after curing for 28 days. The weight loss results are presented in Table 7.2. 
The control PC/BFS sample has a lower weight loss than the MgO/SF samples. The 
MgO/SF sample with 25% MS/ 25% AS has less weight loss than the sample with 
50% MS. However, the differences are small and it is concluded that the MgO based 
binders have similar resistance to acid attack to the composite PC/BFS binder. 
 
Table 7.2: Weight loss of 25% PC/ 75% BFS, 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS 
mortar (1% Na-HMP, w/s = 0.325) and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS 
mortar (1% Na-HMP, w/s = 0.275) after acid attack. 
Binder description w/s ratio 
Weight 
before acid 
attack (g) 
Weight 
after acid 
attack (g) 
Weight loss  
(%) 
25% PC/ 75% BFS  0.35 33.55 ± 0.5 30.96 ± 0.6 7.73 ± 0.41 
20% MgO/ 5% MgCO3/ 25
% SF/ 50% MS  
0.325 33.99 ± 0.5 30.79 ± 0.4 9.27 ± 0.30 
20% MgO/ 5% MgCO3/ 25
% SF/ 25% AS/ 25% MS  
0.275 38.94 ± 0.3 35.6 ± 0.5 8.59 ± 0.58 
 
7.3 Thermal analysis of the MgO/SF systems using TG-DSC  
 
The hydration phases have been identified in the 40% MgO/ 60% SF system in 
section 6.3.3. To further investigate whether the addition of MgCO3 and sand has an 
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effect on the hydration products, TG-DSC was used. The TG-DSC data for 
20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar with w/s ratio 0.325 and 20% 
MgO/ 5% MgCO3/ 25% SF/ 25% milled/ 25% AS mortar with w/s ratio 0.275 after 28 
and 90 days are presented in Figure 7.11 to Figure 7.14.  
 
 
Figure 7.11: TG-DSC curve of 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS (1% Na-HMP) 
mortar with w/s ratio 0.325 after 28 days. 
 
Figure 7.12: TG-DSC curve of 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS (1% Na-HMP) 
mortar with w/s ratio 0.325 after 90 days.   
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Figure 7.13: TG-DSC curve of 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% 
Na-HMP) mortar with w/s ratio 0.275 after 28 days.   
 
 
Figure 7.14: TG-DSC curve of 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% 
Na-HMP) mortar with w/s ratio 0.275 after 90 days.   
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H gel. The heat flow peak around 850
o
C is sharper in the sample with 50% MS after 
both 28 and 90 days. This agrees with the results in 6.3.2 that more M-S-H gel has 
formed in the sample with 50% MS due to a higher w/s ratio.  
 
The weight loss of samples at each stage and total weight loss are summarised in 
Table 7.3.  
 
Table 7.3: Weight loss of 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar (1% Na-HMP, 
w/s = 0.325) and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS mortar (1% Na-HMP, 
w/s = 0.275) when heated up to 1000°C (SF: silica fume, AS: as-received sand, MS: milled 
sand).  
Description 
  20% MgO/ 5% MgCO3/  
       25% SF/ 50% MS  
20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS 
w/s ratio 0.325 0.275 
Sample age    28d 90d    28d 90d 
Weight loss at 0-200°C 16.32% 10.20% 11.62% 11.35% 
200°C -500°C 6.30% 6.25% 7.35% 6.24% 
500°C -1000°C 2.71% 2.83% 2.41% 2.31% 
Total weight loss 25.33% 19.28% 21.39% 19.91% 
 
As discussed in section 6.3.3, three stages of weight loss are assumed:  
 
a) 0°C to 200°C, weight loss of pore water and water locked up in M-S-H gel; 
b) 200°C to 500°C, weight loss of water bonded to M-S-H gel and decomposition of 
brucite; 
c) 500°C to 1000°C, weight loss of hydroxyl groups in M-S-H gel and decomposition 
of MgCO3. 
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For both samples, the total weight loss after 28 days hydration is higher than after 90 
days, which indicates the hydration is ongoing during this time. The sample with 50% 
MS has a much higher weight loss at 0 - 200°C due to the higher w/s ratio than the 
sample with 25% AS/ 25% MS. The weight loss of the sample with 50% MS at 500°C 
- 1000°C is higher than the sample with 25% AS/ 25% MS, which indicates more 
M-S-H gel has formed in the sample with 50% MS. This agrees with the results 
shown in Figure 7.13 and Figure 7.14. 
 
Both the addition of sand and MgCO3 has not affected the long term hydration of 
Mg/SF system. M-S-H gel is still the main hydration product formed. 
 
7.4 Microstructure of the MgO/SF system and the PC/BFS system 
 
The 25% PC/ 75% BFS sample, 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS sample 
and the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS sample were examined 
by the SEM after 28 days using the method described in section 4.4.7. Images of the 
fraction surface of the samples are shown in Figure 7.15 to Figure 7.20. 
 
Figure 7.15: SEM images of 25% PC/ 75% BFS with w/s ratio 0.35 after 90 days. 
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Figure 7.16: SEM images of 25% PC/ 75% BFS with w/s ratio 0.35 after 90 days. 
 
 
Figure 7.17: SEM images of 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS (1% Na-HMP) 
mortar with w/s ratio 0.325 after 90 days.   
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Figure 7.18: SEM images of 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS (1% Na-HMP) 
mortar with w/s ratio 0.325 after 90 days.   
 
 
Figure 7.19: SEM images of 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% 
Na-HMP) mortar with w/s ratio 0.275 after 90 days.   
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Figure 7.20: SEM images of 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% 
Na-HMP) mortar with w/s ratio 0.275 after 90 days.   
 
As shown in Figure 7.16, the ettringite needles can clearly be observed in the control 
sample. The microstructure of the MgO/SF sample containing 25% AS and 25% MS 
is more dense than the microstructure of the MgO/SF sample with 50% MS. This 
agrees with the compressive strength results, presented in Figure 7.3, which showed 
that the compressive strength of the mortar with mixed sand is much higher than the 
compressive strength of the mortar with just MS. The reason for this is the higher w/s 
ratio in the sample with only MS. Significant amounts of fine pores were observed in 
MgO/SF samples containing 25% AS and 25% MS as shown in Figure 7.20.  
 
7.5 Discussion 
 
Two optimised MgO/SF samples were selected and characterised. These were 
20% MgO/ 5% MgCO3/ 25% SF/ 50% MS mortar with w/s ratio 0.325 and 20% 
MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS mortar with w/s ratio 0.275, both of 
them has 1% Na-HMP as dispersant. A sample of 25% PC/ 75% BFS with w/s 0.33 
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was selected as the control sample because it is widely used in the nuclear industry. 
The physical, mechanical and chemical properties were determined using the 
experimental methods described in Chapter 4. 
 
The pH of the BFS/PC sample is stable (at 12.5) over time but the pH of the MgO/SF 
systems decreases with time as the Mg(OH)2 is consumed to form M-S-H gel. The 7 
day pH of both MgO/SF systems is controlled at around 10.6 by the addition of 
MgCO3. The density of both MgO/SF and BFS/PC systems are similar after 28 days 
curing. Although both the initial and the final setting time of the two MgO/SF systems 
are longer than the control system, they are in the appropriate range for ILW 
encapsulation.  
 
The MgO/SF sample with 25% AS and 25% MS has similar compressive strength and 
flexural strength to the control sample after 28 days. This mix has a higher 
compressive strength than PC/BFS sample, at around 80 MPa after 90 days curing. 
The strength of MgO/SF sample with 50% MS is lower than the control sample but 
meets the strength requirement for nuclear waste encapsulation. 
 
The main hydration products of BFS/PC sample formed before 7 days. However the 
hydration of MgO/SF samples is ongoing after 90 days curing. Both XRD and TGA 
show that addition of sand and MgCO3 does not affect the hydration of the MgO/SF 
system. The heat evolution peak in hydration of MgO/SF systems occurs around 90 
hours, and during the first 24 hours of hydration, the total heat generation of the 
selected MgO/SF systems is very low (< 7 kJ/kg). 
 
The dimensional stability of the MgO/SF samples is not as good as BFS/PC samples. 
Over 70 wt% sand addition is needed to achieve similar shrinkage in MgO/SF systems 
to the control system. The improved MgO/SF system has similar resistance to acid 
attack to the BFS/PC system. 
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Compared to magnesium phosphate cement, the MgO/SF system has higher pH (10.6) 
and longer setting time (7- 8 hours), which is better for mixed metal wastes containing 
Al and Magnox and also offers longer working time. Another advantage is the total 
heat generation of the MgO/SF systems is very low (< 7 kJ/kg) compared to other 
potential cement systems (magnesium phosphate cement, CSA and geopolymers) for 
encapsulation of ILW. 
 
7.6 Conclusions 
 
Two improved MgO/SF mortar systems, 20% MgO/ 5% MgCO3/ 25% SF/ 50% MS 
and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS have been characterised for 
physical, chemical and mechanical properties. Compared with the 25% PC/ 75% BFS 
control system, the MgO/SF systems have the advantages of lower pH and lower heat 
generation during early hydration. However, the dimensional stability and acid 
resistance of MgO/SF system is slightly lower than for the control sample.  The 
density and strength results are similar for both PC/BFS and MgO/SF systems. 
 
The addition of Na-HMP, MgCO3 and sand produces a binder system based on 
MgO/SF with good thermal properties, high strength, low pH (~10) and resistance to 
acid attack comparable to the PC/BFS system.  
 
The aim of this research is to develop a system suitable for encapsulation of 
problematic metal wastes. As reviewed in Chapter 2, Al and Magnox swarf were the 
metal wastes of concern. Based on the results obtained in Chapter 6 and this chapter, 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS mortar with w/s ratio 0.275 was 
selected to encapsulate the metals. This was because it offers better strength properties 
than the other system. The corrosion behaviour of the metals encapsulated in this 
system will be investigated using collecting H2 generation, SEM and XRD techniques 
and the results are reported in the next chapter.  
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8. Encapsulation of metals in optimised MgO/ silica fume system 
and the control system 
 
8.1 Introduction 
 
As discussed in 2.5, Magnox swarf (99% Mg) and aluminium (Al 1050) are present in 
intermediate level wastes. The current method for encapsulation of Magnox swarf, 
which has been used successfully at Sellafield since 1982, uses a mix of PC and BFS. 
However, for encapsulation of wastes containing trace levels of Al, the pH of the 
PC/BFS system is too high and H2 gas will form as a result. 
 
In this chapter, both Al 1050 and Magnox swarf were supplied by NNL. These have 
been encapsulated in the control PC/BFS and optimised MgO/SF system developed in 
this research. The interaction of the metal with the binder system has been 
investigated by studying H2 generation and the microstructure of encapsulated 
samples. 
 
8.2 Encapsulation of Al in optimised MgO/SF system and the control 
system 
 
8.2.1 H2 generation 
 
Aluminium bars (Al 1050, 5mm × 3mm × 25mm) were encapsulated in the control 
binder 25% PC/ 75% BFS (w/s=0.33) and samples of 20% MgO/ 5% MgCO3/ 25% 
SF/ 25% AS/ 25% MS (w/s=0.275) with 1% Na-HMP. The amount of hydrogen 
generated as a function of time was measured using the test equipment shown in 
Figure 4.7.  
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Figure 8.1: Hydrogen evolution against time when Al is encapsulated in the control sample of 
25% PC/ 75% BFS and sample of 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS. 
 
The results are compared in Figure 8.1. The initial rate of hydrogen evolution from 
the control binder is extremely high, but this is followed by a marked slower rate of 
hydrogen evolution indicating that some form of passivating reaction layer may form. 
The total amount evolved is approximately 1.5 ml/cm
2
. In the MgO/SF system, no H2 
evolution was detected during the test period. There may be a small amount of H2 
generated which could not be detected. This indicates there is no or only very limit 
corrosion of Al in the optimised MgO/SF system.  
 
8.2.2 Appearance 
 
Both samples were taken out of the container after the H2 generation rest and broken 
into two halves with Al bar attached to one half. As shown in Figure 8.2 and Figure 
8.3, after 28 days of encapsulation, the Al strip in the control binder 
(25% PC/ 75% BFS) has significantly corroded, whereas the surface of the Al strip 
embedded in the optimized MgO/SF system showed no sign of surface attack. 
Moreover, the Al strip was found to be firmly bound to the MgO/SF binder while the 
Al strip was easily removed in the PC/BFS sample. 
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Figure 8.2: Al surface in 25% PC/ 75% BFS with w/s 0.35 after 28 days. 
 
 
Figure 8.3: Al surface in 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% Na-HMP) 
with w/s 0.275 after 28 days.   
 
8.2.3 SEM-EDS results 
 
a) Al in the control PC/BFS system 
 
To study the corrosion of Al metal in the two systems, SEM-EDS was used to analyse 
the cross-section of samples with embedded Al as described in section 4.4.7. The 
microstructure at the interface between Al and the control sample is shown in Figure 
8.4 and Figure 8.5. A number of spectra were collected at selected sites of interest, 
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and the results for the interface between Al and the control cement system after 28 
days are presented in Table 8.1 and Table 8.2. 
 
 
Figure 8.4: SEM image of the interface between Al and 25% PC/ 75% BFS after 28 days (a). 
 
Table 8.1: EDS analysis results from positions close to the interface between Al and 
25% PC/ 75% BFS after 28 days shown in Figure 8.4.  
Spectrum O Na Mg Al Si K Ca Total 
Spectrum 1 51.76 0.84 3.49 4.59 11.96 1.03 26.33 100.00 
Spectrum 2 57.29 1.30 2.31 10.41 8.36 0.94 19.39 100.00 
Spectrum 3 7.58 - - 85.33 6.96 - 0.12 100.00 
Spectrum 4 58.57 1.46 1.80 10.61 7.73 1.19 18.65 100.00 
Spectrum 5 50.59 0.87 3.61 4.82 13.15 1.03 25.93 100.00 
All results in weight%, “-”: not detected. 
 
As shown in Figure 8.4 and Figure 8.5, pores have formed between Al and the 
PC/BFS system due to the generation of H2 gas. The diameter of the larger hole 
formed between Al and control binder system is around 100µm.  
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Five areas have been selected for EDS analysis in Figure 8.4: Spectrum 3 was taken 
from the Al bar, whereas spectrum 2 and 4 were collected from the region of the 
interface and spectrum 1 and 5 in the PC/BFS binder away from the interface. 
 
This analysis showed that the major elements present around the interface between Al 
and 25% PC/ 75% BFS are O, Na, Mg, Al, Si, K and Ca.  Some K and Si were 
detected in the Al bar which might due to surface contamination. Both Spectrum 2 
and 4 have higher Al value than in the PC/BFS binder. If the 25% PC/ 75% BFS is 
well mixed then according to the data in Table 4.1, the content of Al should be 6.87%, 
which is close to the Al value in spectrum 1 and 5. This indicates the corrosion 
products are not present in spectrum 1 and 5 which are approximately 1 mm away 
from the Al/binder interface. 
 
 
Figure 8.5: SEM image of the interface between Al and 25% PC/ 75% BFS after 28 days (b). 
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Table 8.2: EDS analysis results from positions close to the interface between Al and 
25% PC/ 75% BFS after 28 days shown in Figure 8.5.  
Spectrum O Na Mg Al Si K Ca Total 
Spectrum 1 15.16 1.02 - 76.66 6.57 0.58 - 100.00 
Spectrum 2 55.37 1.63 2.52 11.50 8.13 1.27 19.58 100.00 
Spectrum 3 56.74 1.61 1.82 10.69 6.56 1.33 21.26 100.00 
All results in weight%, “-”: not detected. 
 
Figure 8.5 shows another site close to the Al and PC/BFS interface at higher 
magnification. Three areas have been selected for EDS analysis. Spectrum 1 was 
taken from the Al bar, spectrum 2 was collected from a region close to the interface 
and spectrum 3 at approximately 300 µm away from Al/binder interface. 
 
The results in Table 8.2 show that the Al value in both spectrum 2 and 3 are higher 
than that in pure PC/BFS binder, which means the corrosion product has diffused into 
the cement binder to more than 300 µm away from the Al surface.  Therefore, the 
results indicate that the corrosion product is concentrated around the Al surface 
(300~1000 µm) and does not extend further into the cement binder.     
 
b) Al in the optimised MgO/SF system 
 
The microstructure at the interface between Al and 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS after 28 days is shown in Figure 8.6, Figure 8.7 and Figure 8.8. 
The interface between Al and the MgO/SF system is sharply defined with no voids 
formed, consistent with the lack of hydrogen generation. 
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Figure 8.6: SEM image of interface between Al and 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS (1% Na-HMP) with w/s 0.275 after 28 days (a). 
 
Three areas were selected for EDS analysis as shown in Figure 8.6, with spectrum 1 
from the Al bar, spectrum 2 close to the interface and spectrum 3 taken from the 
MgO/SF binder. The analysis shows that the major elements present around the 
interface between Al and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS are O, 
Na, Mg, Al and Si. There is a very small amount of Al (0.89%) close to the interface 
and no Al has been detected in the MgO/SF binder 1 mm away from the Al surface. 
 
Table 8.3: EDS analysis results from positions close to the interface between Al and 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS after 28 days shown in Figure 8.6. 
Spectrum O Na Mg Al Si Total 
Spectrum 1 9.75 - - 83.41 6.85 100.00 
Spectrum 2 53.29 0.27 11.25 0.89 34.30 100.00 
Spectrum 3 56.02 - 17.30 - 26.68 100.00 
All results in weight%, “-”: not detected. 
 
Figure 8.7 is a higher magnification observation. Four areas have been selected for 
EDS analysis: Spectrum 1 was taken from the Al bar, spectrum 2 was collected from 
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area close to the interface, spectrum 3 at approximately 150 µm away from the 
interface and spectrum 4 on a sand particle. The results in Table 8.4 show that the Al 
can be detected in both spectrum 2 and 3, but at very low concentration (1-3%).  Only 
Si and O can be detected on spectrum 4 which confirms that the particle was sand.  
 
 
Figure 8.7: SEM image of interface between Al and 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS (1% Na-HMP) with w/s 0.275 after 28 days (b). 
 
Table 8.4: EDS analysis results from positions close to the interface between Al and 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS after 28 days shown in Figure 8.7. 
Spectrum O Na Mg Al Si K Ca Total 
Spectrum 1 9.80 - - 88.89 1.31 - - 100.00 
Spectrum 2 55.89 - 20.06 3.41 19.90 0.32 0.41 100.00 
Spectrum 3 55.30 0.32 20.10 1.01 22.62 0.44 0.21 100.00 
Spectrum 4 49.70 - - - 50.30 - - 100.00 
All results in weight%, “-”: not detected. 
 
To further investigate the interface between Al and 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS in details, five areas have been selected for EDS analysis in Figure 
8.8. Spectrum 1 was taken from the Al bar (15 µm from the edge), spectrum 2 and 3 
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were collected very close to the interface, and spectrum 4 and 5 were obtained 
approximately 10 µm and 30 µm away from Al surface.  
 
 
Figure 8.8: SEM image of interface between Al and 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS (1% Na-HMP) with w/s 0.275 after 28 days (c). 
 
Table 8.5: EDS analysis results from positions close to the interface between Al and 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS after 28 days shown in Figure 8.8. 
Spectrum O Na Mg Al Si K Ca Total 
Spectrum 1 11.39 0.16 - 87.83 0.45 - 0.16 100.00 
Spectrum 2 35.74 - 3.44 53.31 7.06 0.12 0.33 100.00 
Spectrum 3 56.69 - 10.53 5.81 26.51 0.24 0.22 100.00 
Spectrum 4 52.37 - 18.33 3.47 25.06 0.43 0.34 100.00 
Spectrum 5 54.30 0.36 20.15 1.83 22.77 0.43 0.14 100.00 
All results in weight%, “-”: not detected. 
 
The EDS results are presented in Table 8.5. The main elements detected on spectrum 
2 is Al and O, which might be the oxide layer mainly Al2O3. The Al value in spectrum 
3 on the binder side of the interface is much lower than in spectrum 2 on the Al side. 
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This indicates the corrosion of Al in this 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS sample is limited to the Al surface. 
 
8.2.4 Crystalline phase analysis by X-ray diffraction (XRD) 
 
The Al bars were removed from the binders after H2 generation test and the surface 
was examined by XRD. XRD from the Al surface after encapsulation in 
25% PC/75% BFS and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS samples 
is presented in Figure 8.9. The surface of the Al consists mainly of Al(OH)3 when it is 
encapsulated in the BFS/PC system. However, in the optimized MgO/SF sample, the 
surface is mainly Al with only minor peaks corresponding to hydroxide products. This 
confirms that there is only minimal corrosion of the Al bar when it is encapsulated in 
the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS / 25% MS optimised binder.    
 
 
Figure 8.9: XRD  of Al surface after encapsulated in the control BFS/PC and optimised 
MgO/SF systems (Al: aluminium; B: Bayerite Al(OH)3). 
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8.3 Encapsulation of Magnox swarf in the optimised MgO/SF system and 
the control PC/BFS system 
 
8.3.1 H2 generation 
 
Magnox swarf pieces (99% Mg, 10.5mm × 10.8 mm × 1 mm, supplied by NNL) were 
encapsulated in the control binder 25% PC/ 75% BFS (w/s=0.33) and 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (w/s=0.275). The amount of 
hydrogen generation as a function of time was determined using the equipment shown 
in Figure 4.7. During the 160 hours of test period, no H2 was detected from either the 
control or the optimised Mg/SF systems.  
 
8.3.2 Appearance 
 
Photographs of the cross-section of samples containing Magnox swarf are shown in 
Figure 8.10 and Figure 8.11. Magnox swarf was shown in Figure 2.10. The samples 
do not show any cracks, to investigate the corrosion between Magnox swarf and the 
cement binders, SEM-EDS was used to examine the interface region.  
 
 
Figure 8.10: Cross-section of Magnox swarf in 25% PC/ 75% BFS after 28 days.  
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Figure 8.11: Cross-section of Magnox swarf in 20% MgO/ 5% MgCO3/ 25% SF/ 
25% AS/ 25% MS after 28 days. 
 
8.3.3 SEM-EDS results 
 
a) Magnox swarf in the control PC/BFS system 
 
The microstructure at the interface between Magnox swarf and the control sample is 
shown in Figure 8.12 and Figure 8.13. An oxide layer formed between the Magnox 
swarf and the PC/BFS system due to corrosion of the swarf. However, no gap formed 
between Magnox swarf and the control cement which indicates it is well bound into 
the control sample.  
 
Five areas were selected for EDS analysis in Figure 8.12, which is at low 
magnification. Spectrum 3 was taken from the Magnox swarf, whereas spectrum 2 
and 4 were collected from the area close to the interface and spectrum 1 and 5 in the 
PC/BFS binder approximately 1 mm away from the interface. 
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Figure 8.12: SEM image of the interface between Magnox swarf and 25% PC/ 75% BFS with 
w/s 0.35 after 28 days (a). 
 
Table 8.6: EDS analysis results from positions close to the interface between Magnox swarf 
and 25% PC/ 75% BFS with w/s 0.35 after 28 days shown in Figure 8.12.  
Spectrum O Na Mg Al Si K Ca Total 
Spectrum 1 51.31 0.89 3.42 4.62 12.33 1.03 26.37 100.00 
Spectrum 2 59.32 0.67 4.38 2.91 7.42 0.34 24.93 100.00 
Spectrum 3 4.27 - 95.72 - - - - 100.00 
Spectrum 4 56.89 0.66 16.61 2.15 5.47 0.73 17.45 100.00 
Spectrum 5 51.43 0.73 3.59 4.58 11.99 0.97 26.69 100.00 
All results in weight%, “-”: not detected. 
 
The analysis shows that the major elements present around the interface between 
Magnox swarf and 25% PC/ 75% BFS are O, Na, Mg, Al, Si, K and Ca. Only 
spectrum 4 has higher Mg than in the pure PC/BFS binder. If the 25% PC/ 75% BFS 
is well mixed then according to the data in Table 4.1, the content of Mg should be 
4.25%, which is similar with the Mg value in spectra 1, 2 and 5.  
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Figure 8.13: SEM image of the interface between Magnox swarf and 25% PC/ 75% BFS with 
w/s 0.35 after 28 days (b). 
 
Four areas were selected for EDS analysis as shown in Figure 8.13, with spectrum 2 
taken from the Magnox swarf, spectrum 1 at the interface 100 µm away from the 
Magnox swarf, spectrum 4 at a larger area at the oxide layer and spectrum 3 was taken 
from the PC/BFS binder. The results presented in Table 8.7 show that spectra 1 and 4 
have higher Mg than in the PC/BFS binder. However, the Mg value in spectrum 3 is 
similar with that in PC/BFS binder. This indicates the corrosion product has not 
extended to spectrum 3 which is approximately 300 µm away from the Magnox swarf 
surface. 
 
Table 8.7: EDS analysis results from positions close to the interface between Magnox swarf 
and 25% PC/ 75% BFS with w/s 0.35 after 28 days shown in Figure 8.13.  
Spectrum O Na Mg Al Si K Ca Fe Total 
Spectrum 1 51.44 - 43.68 0.95 1.82 0.19 1.91 - 100.00 
Spectrum 2 4.57 - 94.71 0.72 - - - - 100.00 
Spectrum 3 49.40 0.85 4.15 4.62 13.60 0.78 26.27 0.35 100.00 
Spectrum 4 58.07 - 24.99 1.48 3.65 0.29 11.10 0.41 100.00 
All results in weight%, “-”: not detected. 
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b) Magnox swarf in the optimised MgO/SF system 
 
To investigate the interface between Magnox swarf and 20% MgO/ 5% MgCO3/ 25% 
SF/ 25% AS/ 25% MS, five areas have been selected for EDS analysis. Spectrum 3 
was taken on the Magnox swarf, spectra 2 and 4 were collected close to the interface 
and spectra 1 and 5 were from the MgO/SF binder approximately 1 mm away from 
the metal surface. 
 
A gap of approximately 100 µm wide is seen between Magnox swarf and MgO/SF 
binder in Figure 8.14. As shown in Table 8.8, the main elements detected around the 
interface are O, Na, Mg, Si, K and Ca. If the 20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS is well mixed then according to the data in Table 4.1, the 
content of Mg should be 13.36%, which is similar to the Mg value in spectra 1, 2, 4 
and 5. This indicates the corrosion of Magnox swarf in this mix is very limited and 
has not extended to spectra 2 and 4. 
 
 
Figure 8.14: SEM image of the interface between Magnox swarf and 20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS (1% Na-HMP) with w/s 0.275 after 28 days (a). 
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Table 8.8: EDS analysis results from positions close to the interface between Magnox swarf 
and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% Na-HMP) with w/s 0.275 after 
28 days shown in Figure 8.14. 
Spectrum O Na Mg Si K Ca Total 
Spectrum 1 54.97 - 13.85 30.81 0.18 0.19 100.00 
Spectrum 2 55.84 - 14.40 29.30 0.16 0.29 100.00 
Spectrum 3 7.82 - 92.18 - - - 100.00 
Spectrum 4 54.75 - 11.99 32.71 0.22 0.33 100.00 
Spectrum 5 54.33 0.21 11.13 33.92 0.18 0.22 100.00 
All results in weight%, “-”: not detected. 
 
To further investigate the interface between Magnox swarf and the optimized 
MgO/SF mix in detail. Five areas have been selected for EDS analysis in Figure 8.15. 
Spectrum 1 was taken from the Magnox swarf, whereas spectra 2 and 4 were collected 
from both sides of the gap, spectrum 3 in the gap and spectrum 5 in the binder. 
 
 
Figure 8.15: SEM image of the interface between Magnox swarf and 20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS (1% Na-HMP) with w/s 0.275 after 28 days (b). 
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Table 8.9: EDS analysis results from positions close to the interface between Magnox swarf 
and 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS (1% Na-HMP) with w/s 0.275 after 
28 days shown in Figure 8.15. 
Spectrum O Na Mg Si K Ca Total 
Spectrum 1 9.83 - 90.06 - - 0.11 100.00 
Spectrum 2 56.43 0.34 20.01 22.35 0.40 0.48 100.00 
Spectrum 4 56.07 0.27 18.91 24.12 0.26 0.38 100.00 
Spectrum 5 54.87 - 13.96 30.61 0.23 0.33 100.00 
All results in weight%, “-”: not detected. 
 
As the results in Table 8.9 show, the main elements detected in spectrum 3 are Ag and 
O, which is the Ag used as a conductive connection material. The content detected on 
both sides of the gap is similar which indicates this gap might be a crack within the 
MgO/SF binder. All the chemical values in spectrum 5 are roughly the same as those 
for the MgO/SF binder shown in Table 8.8 (spectrum 1 and 5). The Mg value in 
spectrum 2 is 20% which is slightly higher than that in the binder. This indicates 
corrosion of Magnox swarf in the 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25%MS 
mix is very limited and corrosion products have not extended from the interface  into 
the optimized MgO/SF binder system. 
 
8.4 Discussion  
 
When Al is encapsulated in the 25% PC/ 75% BFS control binder, the generation of 
H2 becomes very slow after two days and the total amount evolved is approximately 
1.5 ml/cm
2
. H2 was not generated when Al was encapsulated in the 
20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 25% MS system, showing the beneficial 
effect of lowering the pH to 10 by addition of MgCO3. The surface of the Al strip 
embedded in the optimized MgO/SF system is clear and the Al strip was firmly bound 
to the binder. 
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The SEM-EDS results of the interface between Al and 25% PC/ 75% BFS control 
binder showed significant corrosion with several large voids formed around the Al bar 
due to the H2 generation. This is similar as obtained by Setiadi (2006) when Al was 
encapsulated in 90% BFS/ 10% PC with 0.33 w/s hydrated at 20
o
C for 90 days 
(Figure 2.17). The corrosion products from aluminium were present in a series of 
zones including a porous transition zone which extended ~900–1000 mm from the 
surface of the aluminium. However, SEM-EDS analysis of the interface between Al 
and the optimized MgO/SF system showed that the interface is very distinct and 
sharp.  The cement matrix near the Al surface appeared similar to the control cement 
in terms of product and porosity, indicating that the bulk of the cement matrix was not 
affected. 
 
The surface of the Al consists mainly of Al(OH)3 when it is encapsulated in the 
BFS/PC system. However, in the optimized MgO/SF mix, the surface is predominant 
Al with only minor peaks corresponding to hydroxide products. This also confirms 
that Al corrosion is limited.   
 
For encapsulation of Magnox swarf in the control PC/BFS and optimised MgO/SF 
systems, no H2 was detected from either system. The SEM-EDS results showed that 
there is an oxide layer formed between Magnox swarf and the PC/BFS mix but the 
metal is bound firmly into the binder. This confirms that the control system works 
well for Magnox swarf encapsulation in agreement with the good results observed in 
industrial products. When the Magnox was encapsulated in the optimised MgO/SF 
mix, voids formed near the interface. The chemical composition on both sides of the 
void was found to be similar, which indicates this might be a crack within the 
MgO/SF mix. The crack might have been caused by shrinkage of the MgO/SF. It is 
also possible that the gap was formed by generation of H2 during encapsulation. In 
this case there might be some H2 generated during the test, however, the amount of H2 
to cause such a gap would have been detected.  
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According to Setiadi’s work, the surface of the Mg was initially grey but gradually 
became green/brown over time. After 90 days hydration, the Mg was fully covered by 
this layer as shown in Figure 2.13 (Setiadi et al., 2006). It is not clear what causes the 
change in colour and there were no obvious corrosion products observed. However, 
this colour changing was not observed in this research. Close examination of the 
interface between Mg and the mix shown in Figure 2.14 reveals a gap formed. It was 
not clear how or why this gap forms, the likely reasons are the expansive reaction or 
the gas formation (Setiadi et al., 2006). There is also a gap formed when Mg is 
encapsulated in MgO/SF system as seen in Figure 8.15, however, this gap is not 
between Mg surface and the cement matrix. The gap is within the cement matrix only 
which suggests it is a crack.   
 
8.5 Conclusions  
 
Both Al 1050 alloy and Magnox swarf were encapsulated in a control 
25% PC/ 75% BFS mix (w/s 0.35) and the optimised 20% MgO/ 5% MgCO3/ 
25% SF/ 25% AS/ 25% MS (1% Na-HMP, w/s 0.275) mix and the interaction 
between the metals and the two cement systems has been investigated by H2 
collection, microstructure analysis using SEM-EDS and crystalline phases 
identification using XRD.  
 
Al metal strips were found to be firmly bound into the optimized MgO/SF sample and 
no H2 gas was detected during the test period. Moreover, the interface between Al and 
MgO/SF sample is sharp and the extent of corrosion is very limited when compared to 
the control system. Therefore, this novel MgO/ SF system seems to have potential to 
be used for Al encapsulation.  
 
Although no H2 has been detected, a significant void was found when Magnox swarf 
was encapsulated in the optimised MgO/ SF system. This might have been caused by 
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shrinkage or a small amount of H2 generation. Therefore, the control PC/BFS system 
appears to be the better system for encapsulating Magnox swarf. 
 
However, these legacy wastes contain Magnox swarf and Al 1050 stored together and 
they cannot be separated. Because no H2 was detected when either Al 1050 or 
Magnox swarf are encapsulated in the optimised MgO/SF system, this novel M-S-H 
forming cement system has potential for encapsulating this mixed type of problematic 
legacy wastes generated by the nuclear industry. This is likely to give improved 
performance compared to the PC/BFS system currently used. 
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9.  Thesis Conclusions  
 
The aim of this research project was to develop a low pH cementitious system which 
can be used to encapsulate problematic intermediate level wastes generated from the 
nuclear industry. The target waste is the Al 1050 alloy in ILW because there is over 
1,200 tonnes of this waste stored awaiting treatment in the UK. The composite cement 
consisting of PC and BFS has previously been used for encapsulation of metal wastes 
but it reacts with Al metal due to the high pH conditions. Therefore this research 
aimed to develop a low pH cement system and investigate whether this system is 
suitable for Al encapsulation. 
 
The research developed from the knowledge that the hydration of MgO produces a pH 
of around 10. Four types of common pozzolanic materials were mixed with MgO in 
different percentages and the pH of each mix was monitored over 68 days. The pH 
results showed that the MgO/SF system provided a relatively low pH (~10) compared 
to the other systems. A systemic experiment was therefore completed to investigate 
the properties of the binary MgO/SF system in terms of pH, compressive strength, 
setting time, hydration products and microstructure.  
 
A key disadvantage is the high water content required by the MgO/SF system due to 
the fine nature of MgO and SF powders. As a result the setting is slow (48 to 72 
hours) and the compressive strength achieved (1 MPa) cannot meet the requirement 
for nuclear waste encapsulation (5 Mpa). In addition, H2 evolution was detected when 
Al was encapsulated in this binary system because the initial pH is higher than desired 
due to CaO impurities in the MgO.  
 
To improve and optimise the MgO/SF system, Na-HMP was used as a dispersing 
agent to reduce the water content during the mixing. It was found that 1% of Na-HMP 
can reduce the w/s ratio of MgO/SF paste to 0.36, and this significantly increases the 
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compressive strength and improves the flow properties. To further reduce the initial 
pH, MgCO3 was added as this controls the pH. Sand was used as an inert filler to 
minimise the shrinkage and also has the effect of reducing the cost. 
 
Visual MINTEQ 2.6 was used to predict the pH of the MgO/SF system and the 
predicted results matched the experimental data when brucite and sepiolite/chrysotile 
are formed. These crystals are similar in composition to M-S-H gel and can therefore 
be used to predict the pH. Based on the XRD, thermal analysis and pH results, it was 
confirmed that M-S-H gel is the main hydration product.  
 
The optimised MgO/SF sample was 20% MgO/ 5% MgCO3/ 25% SF/ 25% AS/ 
25% MS (1% Na-HMP, w/s=0.275). This was characterised for physical, chemical 
and mechanical properties. PC/BFS was used as a control mix for comparison. The 
results show that the optimised MgO/ SF mix has advantages over the control mix 
including lower pH (~10.5), higher compressive strength (60MPa after 28 days) and 
reduced heat generation during hydration (~5 kJ/kg during the first 24 hours).  
 
Al 1050 bars supplied by NNL were encapsulated in both the control PC/BFS system 
and the optimised MgO/ SF system to investigate the corrosion effect. No H2 was 
detected when Al was encapsulated in the optimised MgO/ SF sample within the test 
period. However, a total rate of 1.5 ml/cm
2 
of H2 was generated by the control sample. 
SEM-EDS analysis at the interface between Al and the samples showed that corrosion 
occurs for the control sample while there is limited corrosion in the optimized MgO/ 
SF sample. The surface of the Al strip embedded in the optimized MgO/SF system is 
clear and the Al strip was firmly bound to the binder. This was confirmed by XRD 
analysis of the Al surface after being encapsulated in the optimised MgO/ SF sample. 
The results indicate that the novel MgO/SF based binder system has the potential to 
be used for Al encapsulation. 
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Magnox swarf is another problematic metal waste generated by the nuclear industry 
that is often stored mixed with Al containing wastes. Magnox swarf supplied by NNL 
was encapsulated in both the control and the optimised MgO/ SF system. No H2 was 
detected from either system, but voids were found around Magnox swarf embedded in 
the optimised MgO/ SF system. The reason of this was not clear but it is believed that 
it is caused by the shrinkage during drying.  
 
The overall conclusion of this research is that a novel low pH M-S-H based cement 
system has been developed. It has the potential for encapsulating selected types of 
problematic legacy wastes generated by the nuclear industry that contain Al and 
Magnox Swarf. However extensive further work is necessary to investigate the using 
of this novel binder for nuclear waste encapsulation, to understand in more detail the 
properties and microstructure of the binder and to develop alternative applications.  
 
 
 
  
Chapter 10: Recommendations for future work                                                                                                                   
 186 
10. Recommendations for future work 
  
The M-S-H forming cement system developed in this project is a new type of 
cementitious material. Further work is necessary to fully investigate the potential of 
this system and several areas for future work have therefore been identified related to 
treating nuclear waste, understanding and improving the material and microstructure 
and developing alternative applications. 
 
1) Using M-S-H gel based cement for nuclear waste encapsulation 
 
a) The corrosion experiments completed in this research used a relatively simple 
technique to collect H2. A more sensitive technique should be developed and 
used to investigate whether any corrosion occurs at a low rate between the 
encapsulated metals and the cement binder.  
 
b) Further research on the use of the M-S-H cement in nuclear waste 
encapsulation will require characterisation of additional properties including 
investigation of gas permeability, water permeability, fire resistance, durability 
and long-term stability. 
 
c) The MgO/SF system should also be investigated for the encapsulation of 
graphite, uranium, Cs and Sr loaded clinoptilolite, and other kinds of nuclear 
wastes which are a potential issue for the nuclear industry in the UK.  
 
d) Further work should involve trials to encapsulate mixed magnox 
swarf/aluminium waste obtained from the Sellafield site. 
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2) Understanding and improving the M-S-H gel based cement system 
 
a) Experiments should be completed to optimise the processing of the M-S-H gel 
based cement system in order to further improve the mechanical and physical 
properties. The structure and properties of M-S-H gel formed by this cement 
should be investigated in detail and compared with that of C-S-H gel found in 
Portland cement paste.  
 
b) The effect of Na-HMP on the MgO/SF system needs further investigation and 
understanding. Experiments should examine the interaction between Na-HMP 
and the MgO and SF. Mineralogical composition analysis by XRD and 
microstructural analysis by SEM and a range of other analytical techniques 
should be used to investigate the effect of Na-HMP on the MgO/SF system. In 
addition the use of alternative superplasticisers that are used in conventional 
concrete technology should be thoroughly investigated.  
 
c) The current system uses MgO and silica fume as the main raw materials in the 
binder. Both MgO and silica fume are relatively expensive, and other lower 
cost alternatives should be investigated. This would reduce the total cost of the 
binder and this may allow it to be used in a wider range of applications. The 
effect of different types of MgO and SF should also be investigated. 
 
d) Although the cracking problem due to drying shrinkage can be avoided by 
adding a large percentage (> 50%) of inert filler such as sand, the dimensional 
stability of the MgO/SF samples is still a concern.  Future work should involve 
further optimisation of the inert filler content in the composite system. 
Experiments should also investigate the use of alternative fillers to sand that 
may produce a range of new materials with commercially exploitable 
properties.  
 
Chapter 10: Recommendations for future work                                                                                                                   
 188 
3) Developing alternative applications for the M-S-H gel based cement 
 
a) The M-S-H cement system developed in this research may have a range of 
other applications apart from the encapsulation of problematic nuclear industry 
wastes. The unusual properties of the cement include low pH, high 
compressive strength, excellent flow properties and the ability to form a very 
smooth surface finish. There may also be novel applications arising from the 
ability to bond to aluminium and steel. The low pH of this cement may also 
allow the development of new cellulose fibre reinforced M-S-H composite 
materials. 
 
b) Economic and market assessment of application for the M-S-H cement should 
be completed. This will determine the feasibility of using these materials in 
construction products and a range of other applications. The carbon footprint 
of M-S-H based cements should also be assessed. 
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